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NOTICE TO CONTRIBUTORS 


Beginning March 1, 1958, all new manuscripts submitted to the 
Journal should be sent to the new address of the Editorial Office: 
Dr. Joun T. Epsauu, Editor 
The Journal of Biological Chemistry 
6 Divinity Avenue 
Harvard University 
Cambridge 38, Massachusetts 

Revised manuscripts, the earlier versions of which have been sub- 

ce. 

Contributors submitting new manuscripts after March 1, 1958, 
are also asked to note that éwo copies of each manuscript—an original 
and a clear carbon copy—should be submitted to the editorial office 
in Cambridge. Complete sets of figures should be submitted with 
both copies. The figures attached to the carbon copy must be suffi- 
ciently clear to be intelligible to a referee, but need not be of the 
same quality as the original figures submitted for publication. 

After March 1, 1958, manuscripts will be accepted if typed in either 
double or triple spacing, but single spacing must not be used in any 
part of the manuscript. 
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INSTRUCTIONS TO AUTHORS 


Prior Publication 


Submission of a manuscript to the Editor involves the tacit assurance that no 
similar paper, other than an abstract or preliminary report, has been, or will be sub- 
mitted for publication. 


Form and Style of Manuscript 


Carelessness in the preparation of a manuscript only leads to delay in publica- 
tion and to waste of time on the part of Editors and referees. An improperly pre- 
pared manuscript must be returned to the author for correction of technical faults 
regardless of its scientific merit. Accordingly, it is important that all contributions 
should be carefully examined before being submitted, to make sure that they con- 
form as closely as possible to the following instructions. 

Manuscripts should be typed with double or triple spacing throughout (including 
references), and the original copy should be submitted along with one clear carbon 
copy. Before the manuscript is mailed to the Editor all errors in typing should be 
corrected, and the spelling of proper names and of words in foreign languages, the 
accuracy of direct quotations and bibliographic references, and the correctness 
of analytical data, as well as of numerical values in tables and in the text, should 
be carefully verified by the author. Care in grammatical construction is essential; 
vague, obscure, and ambiguous statements must be avoided. Since the Journal 
is read by scientists in foreign countries, technical neologisms and “‘laboratory slang’’ 
should not be used; when unavoidable, such terms should be defined. Variations 
from standard nomenclature and all arbitrary abbreviations should be explained. 
The forms of spelling and abbreviation used in current issues of the Journal should 
be employed, and for chemical terms the usage of the American Chemical Society 
as illustrated by the indexes of Chemical Abstracts should be followed. A number 
of capital letter abbreviations for substances which are frequently referred to in 
biochemical publications are widely used and generally understood. However, 
there is a tendency on the part of some authors to create new and unfamiliar ab- 
breviations. A new or unusual abbreviation should be employed only when a sub- 
stantial saving of space can be demonstrated to have been effected, and all abbrevia- 
tions must be defined in a preliminary footnote, placed at the beginning of the paper. 
No abbreviations should be used in the summary. Separate sheets should be used 
for the following: (a) title, (b) author(s) and complete name of institution or labora- 
tory, (c) running title, (d) references, (e) footnotes, (f) legends for figures, (g) tables, 
and (h) other subsidiary matter. When an elaborate mathematical or chemical for- 
mula (one which cannot be printed in single horizontal lines of type) appears in 
the text, a duplicate of it should be typed on a separate sheet. All such supple- 
mentary sheets, except the title, author(s), and running title pages, should follow 
the text, and all sheets should be numbered in succession, the title page being page 
one. Manuscripts that do not conform to these instructions will have to be cut 
and rearranged by the printer so that the matter to be set in different type sizes 
can be separated. 


Title 


The title should be as short as is consistent with clarity; in most instances two 
printed lines are adequate to give a clear indication of the subject matter of the 
paper. The title should not include chemical formulas or arbitrary abbreviations, 
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but chemical symbols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 60 characters and 
spaces). 

Organization of Manuscript 

A desirable plan for the organization of a paper is the following: (a) Introductory 
statement, with no heading, (b) ‘‘Experimental Procedure’’ (or ‘‘Methods’’), (c) ‘‘Re- 
sults,’’ (d) ‘‘Discussion,’’ (e) ‘‘Summary,’’ (f) ‘‘References.’’ The approximate lo- 
cation of the tables and figures in the text should be indicated in the margin. Any 
general acknowledgments that are to be made should be placed after the Summary, 
just preceding the References. Mention of more specific instances of acknowledg- 
ment may be made in footnotes. 

(a) The introductory paragraphs should state the purpose of the investigation 
and its relation to other work in the same field, but extensive reviews of the litera- 
ture should not be given. A brief statement of the principal findings is helpful to 
the reader. 

(b) The description of the experimental procedures should be as brief as is com- 
patible with the possibility of repetition of the work. Published procedures, un- 
less extensively modified, should be referred to only by citation in the list 
of references. 

(c) The results are customarily presented in tables or charts and should be de- 
scribed with a minimum of discussion. 

(d) The discussion should be restricted to the significance of the data obtained. 
Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential results 
of the investigation are succinctly outlined. 

(f) The references should conform in all details to the style used in current issues 
of the Journal. In the case of books, the authors’ names with initials, the title in 
full, the edition if other than the first, the publisher, the place of publication, the 
page, and the year of publication should be cited, in this order. Responsibility 
for the accuracy of bibliographic references rests entirely with the author; all ref- 
erences should be confirmed by comparison of the final manuscript with the original 
publications. Mention of ‘‘unpublished experiments,” ‘‘personal communications,” 


etc., must be made in footnotes, and not included in the References. References to — 


papers which have been accepted for publication, but which have not appeared. 
should be cited just as other references, with the abbreviated name of the journal 
followed by the words “‘in press.’’ It is advisable that copies of such papers be 
submitted to the Editors whenever the findings described in them have a direct 
bearing on the paper for publication. 


Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use of 
formulas when these can be printed in single horizontal lines of type. The use of 
structural formulas in running text should be avoided. Chemical equations, struc- 
tural formulas, and mathematical formulas should be centered between successive 
lines of text. Unusually complicated structural formulas or mathematical equa- 
tions which cannot conveniently be set in type should be drawn in India ink on a 
separate sheet in form suitable for reproduction by photoengraving (example, J. 
Biol. Chem., 228, pp. 612, 630, 714, 753 (1957)). 


Tables 


For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
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without reference to the text. Only essential data should be tabulated. Every table 
should be provided with an explanatory caption, and each column should carry 
an appropriate heading. Units of measure must always be clearly indicated. If 
an experimental condition, such as the number of animals, dosage, concentration 
of a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in a statement accompanying the table, and not in a column 
of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, 
and, whenever space can be saved thereby, statistical methods should be employed 
by tabulation of the number of individual results and the mean values with their 
standard deviations or the ranges within which they fall. A statement that a sig- 
nificant difference exists between the mean values of two groups of data should be 
accompanied by the probability derived from the test of significance applied. 

Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as in a table and a line figure. 


Illustrations 


The preparation of illustrations is particularly important, and authors are re 
quested to follow carefully the directions given below. In case of doubt, the Edi- 
torial Office will gladly supply specific information. 

It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 84 X 11 inches in size. Large sized drawings or those much smaller than 
manuscript sheets are difficult to handle and the Editor reserves the right to return 
unsuitable drawings to the author with a request for new drawings which conform 
with the requirements for publication. 

Drawings that have been prepared for presentation as lantern slides are frequently 
unsuitable, since the artist is often instructed to include information which should 
properly appear in the legend of the published figure. 

Charts should be planned so as to eliminate all waste space and, when several 
figures are submitted, should be designed so that two figures can be printed side 
by side where appropriate. In general, only one figure should be drawn on a sheet, 
and ample margin should be provided for labeling and for instructions about re- 
production added in the Editorial Office. All drawings should be prepared in the 
same style with respect to lettering, weight of lines, indications of points of obser- 
vation, ete. | 

The scales used in plotting the data should be so chosen as to avoid waste of space, 
especially vertical space. Tall narrow drawings should be avoided as should also 
low wide drawings. Curves that can be placed on one chart without undue crowd- 
ing should not be given in separate charts. The drawings should be made on Bristol 
board, blue tracing cloth, or on coordinate paper printed in light blue. Mounting 
on heavy cardboard is undesirable. Photoengravings made from photographic 
prints are inferior to those prepared from the original drawings, which should, there- 
fore, be submitted whenever possible. If it is necessary to submit photographic 
prints because of the excessive size of the originals, these should be carefully pre- 
pared. All parts of the chart should be in even focus, and rules and lettering should 
be fairly thick, as well as large enough for the necessary reduction. When over- 
sized original drawings are submitted, a set of small photographic prints must also 
be included for the use of referees. A duplicate set of figures must accompany the 
carbon copy of the manuscript. These need not be of the same quality as the original 
figures intended for publication, but must be clear and legible for the use of referees. 

All charts should be ruled off on all four sides close to the area occupied by the 
curves, and descriptive matter placed on the ordinate and abscissa should not ex- 
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tend beyond the limits of these rules. Black India ink should be used throughout. 
Letters and figures should be uniform in size and style and large enough so that ne 
character will be less than 1.5 mm. high after reduction. As a rule, the printed 
figure is one-half or one-third the size of the original drawing, but oversize drawings 
must be reduced still further. Drawings which contain letters or characters which 
do not permit of such reduction must be returned to the authors with a request that 
the size of the lettering be increased. 

The scales used in plotting the data should be indicated by short index lines per- 
pendicular to the marginal rules of the drawings on all four sides, unless more than 
one scale is used on the ordinates, at such intervals that interpolation will permit 
reasonably accurate evaluation of experimental points. Points of observation 
should be indicated by symbols drawn with instruments. The significance of the 
symbols should be explained on the chart or in the legend. If they are not explained 
on the face of the chart, only standard characters, of which the printer has type, 
should be employed (X, O, @, 0,8, A, A, ©). 

Photographs submitted for half-tone reproduction should be printed on white, 
glossy paper. The cost of half-tone reproductions will be charged to the authors. 

Each chart, graph, and illustration should be clearly identified with a soft pencil 
on the margin, with the authors’ names, the number of the figure, and, if necessary, 
an indication of “‘top.’’ Each figure must have an explanatory legend. Legends 
should not be attached to or written on the illustration copy. 


Proof-Reading 


Authors are responsible for the reading of galley proof. When printers’ errors 
are discovered they should be marked in red on the proofs. Changes made by the 
authors should be marked in black. The cost of changes, other than correction of 
printers’ errors, will be charged to authors. Changes of text made in galley proof, 
other than printers’ errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. Arbitrary or trivial changes will 
not be accepted by the Editor. Newly obtained data cannot be inserted. How- 
ever, where the desirability or necessity of the addition of a ‘‘note added in proof” 
can be demonstrated to the satisfaction of the Editor, the manuscript of such a note 
may be attached to the proof which must then receive the approval of the Editor. 

The manuscript should be returned with the galley proofs to the address given 
on the return envelope enclosed with the proofs. After June 30, 1958, this address 
will be: 

Redactory 

The Williams & Wilkins Company 
Mount Royal and Guilford Avenues 
Baltimore 2, Maryland. 


Reprints 


Reprints will be issued only when ordered by authors. When they are to be 
charged to an institution, an official purchase order must be supplied in addition 
to the order form submitted with the proof. The total number of reprints must be 
ordered when galley proof is returned. Reprints are made at the time the Journal 
is printed and the type is destroyed at once. Therefore, additional reprints cannot 
be supplied after an issue of the Journal is printed except by a photo-offset method. 
The cost of such reproduction is many times greater than that of reprints printed 
from the original type. 
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The RSCo Model 2200 MICROTOME KNIFE SHARPENER is an im- 
proved instrument based upon the design of Professor J. A. Long of the 
University of California at Berkeley. The Long Sharpener has proved itself 
over a period of years as the most desirable for routine use in keeping micro- 
tome knives in excellent condition for the most exacting of sectioning require- 
ments. The major features of the basic design that have led to its success are 
the use of a soap solution in which the abrasive is suspended and the manual 
method of sharpening in which the operator’s sense of ‘‘feel’’ is involved. No 
machine can substitute for this ‘‘feel’’ in producing the finest of edges. The 
liquid abrasive suspension acts as a coolant and cleaner, thus preventing 
burning and chipping of the edge. 

The superiority of this model over earlier instruments lies in its design fea- 
tures which lead to less complex operation, longer life, and simplified main- 
tenance. 

The knife guide and trough are cast into a single piece forming the base. A 
drain spout permits easy cleaning without moving the base. 

The spindle housing is easily removable from the base for cleaning and for 
service. Adjustment for proper knife bevel angle is accomplished by a mi- 
crometer dial reading to 0.001”. The sliding ways for the housing (allowing 
variable positioning for different bevel angles) are ground steel surfaces, 
giving smooth action and rigid mounting. A locking knob holds the housing 
in its adjusted position. 

The glass wheel and the spindle assembly are mounted integrally with the 
motor in a single housing. Two self-aligning double-row ball bearings insure 
perfect spindle alignment. Axial spring loading on the bearings insures years 
of service without attention. One of the most important features is the wheel 
rotation speed of 850 rpm. This speed has been found to be optimum for 
sharpening; higher speeds cause burning of the knife edge. 

The wheel dresser for the sharpener uses a diamond impregnated stone. The 
dresser can be rented or purchased. 


STANDARD ‘SCIENTIFIC 


MICROTOME ANIFE 
Sharpener 


Improved Mode 


Sapply Corp. 


NEW! 


DESCRIPTION 


Over-all dimensions: | 
width x 14” depth x 
height 

Net 24 Ibs. 
hee 


Power 
volts, 60 — 
Equipment pplied: 
harpener complete wi 
6 lbs. Levigated Alum: 
Wheel Wrench 
Splash Guard 
Instruction Book 
Power Cord: 6 ft. long w: 
3 prong ground 
and adapter to 2 f 
outlet 


PRICE 


Cat. No. BC-75010 Micr« 
Knife Sharpener 
Complete, as above.. 


ACCESSORIES 


Cat. No. BC-75011 Di 
Wheel Dresser...... 


Cat. No. BC-75012 Levigs' 
Alumina 6 Ilb........ 


NY 


>. 
| ~ 
Wheel dimensions: 5’ di 
x 4” thick 
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1 HAW! to perform three essential 
| functions in your laboratory: 


shote vl 1. To sort normal alkaline phosphatase levels rapidly, allowing more 

d Alum: time for attention to specimens requiring complete quantitative 

h 

| analysis. 

‘a 2. To serve as a rough control over clinical significance of quantitative 

02 5 alkaline phosphatase tests . . . for which no previous standard or 
control exists. 

- 3. To gauge proper dilution of specimens before quantitative workup. 


Phosphatabs 


For further information, write ~Laloratory 
WARNER-CHILCOTT 
aL ove MORRIS PLAINS, * Trademark 
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Fer routine use on every specimen sent you for alkaline phosphatase testing 
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For fluorometric analyses, assay and identifi- 
_ cation of chemical constituents ...in the 
| ULTRAVIOLET, VISIBLE 
and INFRARED REGIONS 


FOR MANUAL OPERATION, FOR RECORDING 
OR FOR OSCILLOSCOPE PRESENTATION 


The Farrand Spectrofluorometer is designed for 
determining the optimum wavelength for activat- 
ing Organic Compounds and the optimum wave- 
length for measuring their emitted fluorescence 


spectra. 


The instrument is simple to operate, and the eff- 
ciency of the optical and detector system affords 
great sensitivity and response even when using 
capillary or micro volumes of highly diluted 
solutions. 


Ic is not of a console-type construction, and there- 
fore can be serviced readily without dismantling. 


BULLETIN NO. 820 UPON REQUEST 


FARRAND 
OPTICAL CO. INC. 


Bronx Blvd. and E. 238th St., New York 70, N. Y. 
Engineering Research Development Design Manufacture 
we Precision Optics, Electronic and Scientific instruments 


FOCI 
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irely new SERVALL Superspeed Centrifuges bring you tomorrow’s 
ge advancements today. Performance, versatility and convenience 
tothe future. The nuclei around which many new SERVALL cen- 
advancements are being developed right now! 


IN SUPERSPEED CENTRIFUGE. Fully automatic, fully en- 
SERVALL-BLUM “Gyro-Action” Self Centering Drive’ sets new 
of performance. Smoothly and automatically accelerates to de- 
set speed — accurately times the operation for you — then dynam- 
s itself at the completion of the run. Even stops itself safely 
ically in the event of excessive imbalance in loading. Easily 
st, most convenient and versatile instrument available today. Solves 
m of separating small amounts of precipitate from large volumes 
ion with the SERVALL “Szent-Gyorgyi & Blum” Continuous Flow 
’ Sealed batch operations with 400 ml. SS-34 angle rotor (over 
rpm — 34,800 x G), and 2,200 ml. GSA large-capacity rotor (9,500 
14,600 x G). Further versatile rotors nearing completion. Armor 
tlosed rotor compartment. Low silhouette. Built-in ammeter-tacho- 
speed setting control, synchronous motor driven timer, SERVALL 
ressor”. Facility-for remote control. 


distributor: Cave and Company, Ltd., Vancouver, Edmonton and Toronto 


SS-4 ENCLOSED SUPERSPEED CENTRIFUGE. 
For those who prefer a manually controlled 
model. The same advanced features, smooth 
performance and rotor versatility as the 
SS-3, including SERVALL “Szent-Gyorgyi 
& Blum” Continuous Flow System. Entire 
panel slides out for convenient remote con- 
trol and includes built-in ammeter-tacho- 
meter, synchronous motor driven timer and 
variable transformer. Armor plate guard, 
SERVALL “Noisuppressor”, low silhouette, 
rotor imbalance cut-off. 


Write for bulletin BA-3S3 
* Patents pending 


Since 1930 designers, 
manufacturers, 
distributors of SERV ALL 
laboratory instruments. 
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48068 48079 ve 48006) 
CULTURE TUBE CULTURE TUBE (Screw cop) COLOR-CODED TUBS 


Made of KG-33 “hard” glass Similar to 45048 but with Similar to 45066 bug 
for chemical durability and top finished for screw cap _ in six colors for quidkg™O 
heat-shock resistance. Flat with rubber or Teflon liner. venient identifiegf™™" 
glazed tops. Large blasted Caps will withstand auto- Fused-on enamel l 
marking area. Sizes from _claving and caps and patches are durable, # 
6 x 50 to 38 x 200 mm. are interchangeable. stand washing, sterilia 


Now, Kimble builds new durability into laboratory glassware, thanks 
to KG-33 borosilicate glass. 

Kimax apparatus is highly resistant to thermal shock, mechanicl 
shock and chemical attack. 

Ask your Kimble dealer how you may qualify for quantity discounts 
Kimble Glass Company is a subsidiary of Owens-Illinois, Toledo 1, Ohio. 
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‘butaptiction provides se- 
quick cotton plug seat. Tops 
iformly flat for better 
nel @ ontrol. Tips gauged 
able @turate delivery. Sizes 
1/10 ml to 10 ml. 


gndard of quality in “hard glass” 


914028 
ERLENMEVER FLASK MILK DILUTION BOTTLE 
Specially designed by Complies with requirements 
ble for use in of APHA. Features smooth 
marking spot. Graduation 
line at 99 ml. Has plastic 


poses. Caps can be steam _ screw cap with cemented-in 
sterilized. rubber liner. 


is available through dealers in the United States, Canada and principal foreign cities. 
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two new radioisoton® 
for biological an 


Nuclear-Chicago’'s DYNACON a system 


Operator places 250 mi. ion cham- 


ber on Dynacon converter. Sample The Model 6000 Dynacon is an outstanding 
may be read directly in microcuries new system from Nuclear-Chicago for the bio- 
or dis./sec. on meter and recorder. chemist or scientist measuring soft beta 


emitting isotopes. Combining economy and pre- 
cision with unmatched versatility, it will accept 
and measure gas, liquid, and solid samples 
ranging in activity from a millicurie to a micro- 
microcurie without dilution or absorption 
techniques. It is the ideal instrument for making 
continuous gas flow measurements in plant 
uptake and animal metabolism studies when 
used with the flow-type ion chamber. The 
system’s design provides highest reproduc- 
ibility while eliminating all errors due to coin- 
cidence losses, register losses, or electronic 
drift. Write for full specifications including 


typical biological applications of the new 
RECOROER Dynacon electrometer 


Apparatus for continuous measure- 

ment of respired from smail Fine - Katearch Quality. Kadi 
animals includes glassware, flow- 
type ion chamber, Dynacon electro- 
meter, and chart recorder. 


— 
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clear-Chicago'’s ACTIGRAPH II —the all new 


y automatic radio-chromatogram scanning system, 


Completed chart can be placed nex: 
The new Actigraph II is a completely rede- to strip to directly determine loca- 
signed and improved scanning system for tion and intensity of radioactive 
recording automatically the position and total 
activity of separated radioactive zones on a 
strip chromatogram. Two reels accommodate 
strips up to 50 feet in length allowing single 
short strips to be spliced end-to-end for con- 
tinuous operation without attention. A wide 
choice of detectors may now be used including 
: G-M tubes, windowless gas flow counters, and 
scintillation detectors. Increased sensitivity is 
provided through improved geometry: The 
Actigraph II is available with a wide variety 
of chart recorders including the new “‘recti- 
linear’ recorder. Chart and strip speeds are 
easily synchronized by making identical gear 
changes. For complete information write us 
and ask for ‘“‘Nucleus #14”’. 
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[ LouRDES is pleased to announce 
the following NEW PRODUCTS 


CONTINUOUS FLOW SUPER-SPEED 


CENTRIFUGE ROTORS (pat. appl’d for) 


This new design ape type su centrifuge rotor offers continuous forces up 
to 35,000 x gravity. i the rotor is hollowed out with angled walls sloping 
downward to accommodate all Lourdes’ Rotors. A stainless steel cover screws onto 


the rotor for sealing purposes. 

Materials to be centrifuged are introduced from a central inlet tube and the lighter 
mediums are continually discharged into a surrounding stainless steel collector by 
means of a unique discharge cap which is attached to and turns with the cover. 
Heavier particles are forced downward as they impinge on the angular wall. This same 
rotor may be ysed for batch separation by use of a threaded sealing plug in the cover. 

By simply replacing the polyethylene ~ liner the rotor is y for a new run or 
for continued operation. re is no need for rotor removal, rotor cleaning, or for 
handling of test tubes with sealing caps and individual lines to both inlet and outlet 


ports. 
The considerable distance between the inlet tube and the ports of the outlet 
allows for faster and better separation. If inlet and outlet s were close to 
other, materials introduced would be discharged in almost the same form unless the 
rate of flow were very slow. Available in two sizes, these rotors offer high speed and 
force and greater capacity than any other super-speed continuous flow centrifuge. 


FULLY AUTOMATIC SUPER-SPEED CENTRIFUGES 


e FULLY AUTOMATIC ROTOR ACCELERATION 

PUSH BUTTON DYNAMIC BRAKING 

¢ ROTOR UNBALANCE ELECTRICAL SAFETY TRIP 
CONTROL 


¢ COMPLETE SAFETY CONTROLS INCLUDING FORCED RESET RELAY 
DUTY VENTHATED STEEL SAFETY TANK 


je THREE LITER CAPACITY ROTOR * SUPER-SPEED 


As a follow up to the popular VRA rotor (1500 ml.) this new rotor machined from a 
radial grained duralumin forging has six compartments for 500 ml bottles. It is the 
first rotor of its type which will spin such large capacity at forces exceeding 10,000 x 
gravity. 


je LARGE CAPACITY HOMOGENIZER 


Similar in design to the smaller Multi-Mixer but with a higher horsepower motor 
for homogenizing within larger containers. 


Se REFRIGERATED CENTRIFUGE (pat. appl'd for) 


The model LR is now available with fully automatic rotor acceleration. This is the 
same centrifuge, with it’s completely new refrigeration design, which has offered a 
higher standard of performance to so many users since it was introduced little over 
a year ago. This performance is made possible by a combination of increased surface 
cooling area, proper baffling of the natural air stream coming off the spinning rotor, 
sig providing a continuous cooling air stream to the bearing and under side of the 

r. 
apt ee petens (including the new continuous flow rotors) are directly usable 
in 
These new products will be among those displayed by Lourdes at many of the forth- 
coming Society meetings. Further details will furnished upon request. 


LOURDES instrument corp. 
S3rd Street & Ist Avenve Brooklyn 32, New You. 
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ACCOMMODATES All LOURDES’ ROTORS INCLUDING CONTINUOUS FLOW 
e COMPLETE INSTRUMENTATION INCLUDING ELECTRIC TACHOMETER & TIMER 


350 Pages... 
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The most 
complete 
labware 
catalog 
ever! 


8500 Pieces of PYREX®° Borosilicate Lab Glassware 


New listing methed end coler-coding moke 
Corning’s NEW Cateleg even easier te use 
This newly published Corning Catalog of 
PYREX ~ Laboratory Glassware is the 
most complete, easiest-to-use book of its 
type ever printed. 

The idea with yeu—If you were 
one of the customers we contacted in our 
Catalog Preference Survey it’s likely your 
ideas are incorporated in Catalog LG-1. 
Because you use it frequently it was only 
fair that you had a say in its organization 
and layout. 


Fer fest sy is set u 
finding talog p 


dictionary style and in six color 
sections, each with its own color nels 
at the top and side of each page. re’s 


an extensive index and exhaustive cross- 
indexing, too, so you can similar 
items and components quickly. 


Custom-Made Lebwere Section—The for- 
mer Custom Apparatus Catalog joins our 
Standard Listings. This 143-page section 
lists the most demanded modifications of 
all types of ware. Included, also, are 13 
poems of Micro Ware and 12 pages of 

eedle Valve Equipped Glassware listings. 


Clip the wy 


Coupon CORNING GLASS WORKS 

For Your 83-3 Crystal Street, Corning, New York 

Free Copy I hove not os yet received my free copy of Corning Catalog 
of LG-1, LG-1. Please send me one. 

Corning’s Nome Title. 
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Maintains temperature constant within +0.05°C 


A self-contained unit incorporating all 
components uired for maintaining 
open water baths at temperatures up 
to approximately 90°C, and for circu- 
lating water to external apparatus at 
tie ft. hea of 14 quarts per minute at 


The unique indicating thermoregu- 
lator system, with pneumatically actu- 
ated switch for control of heater, has 
the sensitivity of electrical contact 
methods but with greater dependa- 
bility and longer life. Can be preset at 
any desired temperature 0 to approx. 
90°C. Maintains temperature con- 
stant within +0.05°C ina 4-gallon 
cylindrical glass vessel, 12 «x 12 inches, 
without insulation. 


Control housing, 634 inches wide 
x 4% inches deep x 5'4 inches high, 
contains stirring motor, ” thermo 
lator with temperature indicator dial 
graduated from 15 to 95°C and pilot 
lamp, and has built-on clamp for at- 
tachment to vessels with wall thickness 
up to 1!4 inches. 


ARTHUR H. THOMAS COMPANY 


More and more laboratories rely on Thomas ff Laboratory Apparatus and Reagents 
WINE ST. AT BRO PHIL G, PA 


using a 12 x 12-inch bat, 


TECHNE 
“TEMPUNIT" 
(Patented) 
CONSTANT 


TEMPERATURE 
CONTROLLER 


SELF CONTAINED 
---thermoreguiator, 
heating unit, stirrer, 


and circulating pump 
in one unit 


The helical, bimetallic sensing element, 
stirrer, aspirator tube and 1000-watt tubs 
lar immersion heater are integrally attache 
beneath the housing. Heater is wound in: 
coil which encircles the six-blade 
of stirrer and tip of aspirator tube. 


Stirring motor, 1/20 h.p., is fan cooled, 
induction type, with self-lubricating bear. 
ings, suitable for continuous use. Immerse 
parts, with exception of bimetallic helix 
are nickel plated. Housing is finished with 
glossy, green ham effect. 

Overall dimensions 6*4 inches wide * 
7 inches deep x 1114 inches high. Tubule 
tion for ee of pump to externa 
apparatus is *%-inch outside diameter. 


vse on 115 volts, 50 of 60 cycles, ox 
Without both . 135.00 
9935-A. complete with both con 
sisting of cylindrical jar of Pyrex brand giass, 
16 inches diameter 12 inches high, 
capacity 8% gallons. .......... 178.39 


9935-A. 
9935. Constant Temperature Beth Con- 
trotier, Techne “Tempunit” (Petented), 
@s ebove described, complete with 4-ft, 
: 3-wire connecting cord with 2-prong, poralle! 
blede ottachment plug cop, ond direction 
' for use. Power consumption 1040 watts. For 
A.H.T.CO. 
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FURTHER STUDIES ON THE MECHANISM OF TRANS- 
AMIDINASE ACTION: TRANSAMIDINATION IN 
STREPTOMYCES GRISEUS* 


By JAMES B. WALKERfT 


(From the Department of Biochemistry, Baylor University College of Medicine, 
Houston, Texas) 


(Received for publication, September 16, 1957) 


Previous studies by the author on the mechanism of action of trans- 
amidinase from mammalian kidney have provided evidence consistent 
with the formation of an enzyme-amidine intermediate during trans- 
amidination (1-4). However, other interpretations of the experimental 
data are possible (5) and, indeed, are strongly advocated (6). It therefore 
appeared desirable to clarify the reaction mechanism by studying a trans- 
amidinase from a widely different organism to determine which charac- 
teristics of transamidination are common to the various organisms. 

From a consideration of the structure of streptomycin and the tracer 
studies of Hunter et al. (7), it appeared probable that Streptomyces griseus 
would possess a transamidinase for the biosynthesis of streptomycin. Such 
was found to be the case. In this paper it will be shown that, although 
S. griseus transamidinase does not react with glycine as does the kidney 
enzyme, the mechanism of action of both enzymes appears to be the 
same. It will be shown that S. griseus transamidinase catalyzes both 
arginine-ornithine and canavanine-ornithine transamidinations. Evi- 
dence that the formamidine moiety of the enzyme-amidine intermediate 
can be trapped with hydroxylamine to form hydroxyguanidine will be 
presented. In addition, the action of a potent new inhibitor of trans- 
amidinase will be described. 


EXPERIMENTAL 


Enzyme Preparation—A culture of S. griseus, strain W-4, was kindly 
supplied by Dr. Robert Fuerst. Mycelia were grown from a heavy inocu- 
lum in 2 liter Erlenmeyer flasks, containing 500 ml. of medium (1.2 per 
cent. glucose-I| per cent peptone-0.1 per cent yeast extract in tap water), 
mounted on a rotary shaker (kindly loaned by Dr. D. A. Rappoport). 
After incubation for 24 hours at room temperature, the mycelia were 
harvested by suction filtration, washed, and stored in the freezer. Ap- 


* This investigation was supported by Research Grant RG-4898 from the Division 
of Research Grants, Public Health Service. 
t Senior Research Fellow of the National Institutes of Health. 
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2 TRANSAMIDINATION 


proximately 8 gm. (wet weight) of mycelia were obtained per flask. Ace- 
tone powders were prepared by homogenizing 25 gm. batches of frozen 
mycelia with 600 ml. of cold acetone in a Waring blendor, allowing to 
settle, and again homogenizing the precipitate with fresh acetone. The 
precipitate was harvested by suction filtration and the residual acetone 
was removed in vacuo. The enzyme was extracted by homogenizing 
batches of 1 gm. of acetone powder with 18 ml. of 0.1 mM potassium phos- 
phate buffer, pH 7.5, containing 100 mg. of Versene, in a chilled TenBroeck 
glass homogenizer. The combined homogenates were centrifuged at 
14,000 X g for 15 minutes. A saturated solution of ammonium sulfate 
was added slowly to the supernatant solution to a final concentration of 
63 per cent saturation. After 15 minutes the mixture was centrifuged as 
before and the supernatant solution was discarded. The precipitate was 
redissolved in one-half the original quantity of buffer plus Versene, re- 
precipitated as before with ammonium sulfate, and centrifuged. The 
precipitate was dissolved in a minimal quantity of buffer plus Versene (4 
to 5 ml. per gm. of powder), dialyzed for 18 hours at 4° against 0.01 » 
buffer, and stored in the freezer. In the preparation used in this paper, 
the final protein concentration was 13 mg. per ml. 

Compounds Employed—vu-Ornithine-2-C" monohydrochloride (0.53 me. 
per mmole) was purchased from Tracerlab, Inc. (lot No. 30-119-2). Gly- 
cine-2-C" and cyanamide-C" were obtained from the Volk Radiochemical 
Company. tL-Arginine-guanidino-C' monohydrochloride was synthesized 
from cyanamide-C" as described by Stetten and Bloom (8). Canavanine 
was isolated from jack bean meal as the thrice recrystallized flavianate 
and regenerated with barium hydroxide. Formamidine disulfide dihy- 
drochloride, prepared by the method of Toennies (9), was kindly supplied 
by M.S. Walker. Solutions of this compound were made up immediately 
before use. Hydroxyguanidine sulfate was synthesized from S-methyliso- 
thiourea sulfate and hydroxylamine. Details of this synthesis will be pub- 
lished in a subsequent paper. Sodium pentacyanoammonioferrate was 
prepared from sodium nitroferricyanide and ammonium hydroxide (10). 

Assay transamidination was followed 
by paper chromatography as described previously (2). Canavanine- 
ornithine transamidination was assayed by arginine formation as before 
(1); the reversibility of the reaction was confirmed with arginine-guani- 
dino-C" pluscanaline (formed enzymatically from canavanine plus arginase). 


RESULTS AND DISCUSSION 


Arginine-Ornithine Transamidination -The enzyme preparation from 
S. griseus was observed to catalyze a rapid, reversible transfer of the 
amidine group of arginine to ornithine. The solid curve in Fig. | repre- 
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sents the results of a time-course study of this reaction. p1-Ornithine-2-C" 
was incubated with enzyme plus non-labeled arginine and the rate of 
incorporation of label into arginine was followed by means of paper chro- 
matography (2). Since argininosuccinase is present in the enzyme prepara- 
tion, the radioactive arginine formed was further identified by adding 
potassium fumarate to the reaction mixture and observing the transfer of 
radioactivity to argininosuccinic acid (2). Inasmuch as ornithine is a 
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Fic. 1. Time-course of arginine-ornithine transamidination in S. griseus, in the 
presence and absence of formamidine disulfide (FDS). A reaction mixture of 3 mg. 
of pt-ornithine-2-C™ monohydrochloride, 7 mg. of L-arginine monohydrochloride, 
0.4 ml. of enzyme, and 1.1 ml. of 0.1 M potassium phosphate buffer, pH 7.5, was incu- 
bated at 34°. After incubation for 1 hour, the solution was divided into two portions. 
One portion was not altered (solid curve), whereas formamidine disulfide dihydro- 
chloride was added to the other portion to a final concentration of 4 X 10-*m (dash 
curve). At the times indicated, 5 wl. aliquots, representing 810 c.p.m. originally 
present in L-ornithine, were withdrawn for paper chromatographic analysis (2). 


component of the arginine molecule, arginine-ornithine transamidination in 
S. griseus, as in kidney, may be depicted by Reaction 1. 


(1) Arginine + enzyme =— ornithine + enzyme-amidine 


Glycine As Amidine Acceptor in S. griseus—Numerous experiments 
were performed to determine whether glycine is a substrate for S. griseus 
transamidinase; no evidence was obtained for arginine-glycine, canavanine- 
glycine, or guanidinoacetate-glycine transamidination reactions, with or 
without the use of glycine-2-C" as a tracer. From these results it may be 
concluded that, whereas a primary role of kidney transamidinase is in the 
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biosynthesis of creatine, S. griseus transamidinase is involved primarily in 
the synthesis of streptomycin. 

Theories of Reaction Mechanism—Ratner and Rochovansky (6) reject 

the author’s concept (1, 3) of an enzyme-amidine intermediate in trans- 
amidination reactions. These workers believe (6) that transamidination 
in kidney occurs by a single displacement mechanism (11) involving two 
separate but adjacent active sites on the enzyme surface, each site having 
similar substrate specificity towards both ornithine and glycine. However, 
since ornithine is quite different structurally from both glycine and any of 
the probable precursors of streptomycin, it appears to the author that 
arginine-ornithine transamidination more likely proceeds by a double 
displacement mechanism (Reaction 1), as described in general terms by 
Koshland (11), with an enzyme-amidine compound as an intermediate. 
In this interpretation the “enzyme” portion of the intermediate would, of 
course, include any firmly bound cofactor which might be involved. Lip- 
mann (12) and Racker (13, 14) have recently emphasized the importance 
of enzyme-substrate compounds as intermediates in many reactions; on 
the other hand Kornberg (15) has described some of the pitfalls involved 
in interpreting exchange reactions. 
\ It is difficult to prove the existence of an enzyme-substrate intermediate 
by direct means, particularly if the intermediate is labile. In the case of 
an enzyme-amidine intermediate it might be expected that as a side reac- 
tion hydrolytic degradation of the intermediate would occur with the 
formation of urea. Unfortunately, the slow formation of urea by a trans- 
amidinase preparation in the presence of arginine is not sufficient evidence 
for such an intermedjate, since it is hard to rule out arginase as a con- 
taminant. However, it will be seen that, by employing hydroxylamine as 
a trapping agent, it is possible to obtain evidence for an enzyme-amidine 
intermediate which is independent of arguments involving exchange 
reactions and specificity considerations. 

Trapping Intermediate with Hydroxylamine—As in the case of kidney 
(4), hydroxyguanidine is synthesized by S. griseus transamidinase from 
arginine and hydroxylamine. Tracer experiments with arginine-guanidino- 
C' further confirmed this reaction; ornithine was identified as the other 
reaction product by paper chromatography. The development of a sensi- 
tive colorimetric assay jor hydroxyguanidine has now made it possible to 
follow this reaction quantitatively. The assay is similar to that employed 
by Fearon and Bell for canavanine (16). An aliquot of the unknown, 
plus water to make 2.0 ml., is added to a 13 XK 100 mm. test tube; 2.0 ml. 
of 1 m potassium phosphate buffer, pH 7.0, and 0.3 ml. of a 1 per cent 
aqueous solution of sodium pentacyanoammonioferrate are next added, 
and the solution is thoroughly mixed. After 10 minutes the optical density 
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is read at the absorption maximum of 480 my with a Spectronic 20 color- 
imeter from Bausch and Lomb Optical Company. Fig. 2 shows a plot of 
optical density versus hydroxyguanidine concentration in micrograms 
per tube. When hydroxylamine is present, as in the reaction mixtures 
to be described, its inhibitory effect is minimized by the addition of acetone 
to form acetoxime. 

In Table I are given the results of an experiment designed to show not 
only the necessity for the complete reaction mixture for hydroxyguanidine 
formation from arginine and hydroxylamine in both S. griseus and kidney, 
but also the relative effects of substrates of transamidinase and compounds 
closely related to substrates on the over-all reaction. It can be seen from 
Table I that added ornithine strongly depresses hydroxyguanidine forma- 
tion by both enzymes to approximately the same extent. The inhibition 
is specific for ornithine; lysine and 2,4-diaminobutyrate have little effect. 
Glycine, which is an acceptor in kidney but not in S. griseus, inhibits 
hydroxyguanidine formation only in kidney. Compounds closely related 
to glycine have little effect. ‘Two compounds which act as weak acceptors 
in kidney, 8-alanine and y-aminobutyrate, were included in the experiment 
to show their relative effects. 

The reactions involved in hydroxyguanidine formation might be formu- 
lated as follows. 


NH:* 


(2) Arginine + enzyme = _ ornithine + enzyme—C—NH, 


NH:* 


(3) Enzyme—C—NH: + NH,OH enzyme + H:.N—C—NH—OH 


(4) Sum, arginine + hydroxylamine — ornithine + hydroxyguanidine 


Reaction 2 is reversible; the reversibility of Reaction 3 has not been ob- 
served. Neither methoxyamine nor ammonia will substitute for hydroxyl- 
amine; homoarginine will not substitute for arginine. Hydroxylamine 
apparently acts in this case as it does in numerous analogous instances in 
which hydroxamates are formed, 7¢.e. by a chemical rather than an enzy- 
matic reaction (17). In the presence of an excess of added ornithine, the 
concentration of enzyme-amidine is apparently kept so low that no ap- 
preciable hydroxyguanidine is formed. Even in the absence of added 
ornithine, ornithine produced by Reaction 4 accumulates and slows down 
the reaction. In kidney the addition of glycine likewise inhibits by re- 
ducing the concentration of the free enzyme-amidine intermediate with 
which hydroxylamine can react. Contamination of transamidinase with 
arginase presents no problem in interpretation with hydroxylamine as a 
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HYDROXYGUANIDINE , UG. 
Fig. 2. Plot of optical density versus hydroxyguanidine concentration 


I 

Enzymatic Formation of Hydroryguanidine from Arginine Plus Hydroxrylamine 

The complete system contained 0.3 ml. of S. griseus enzyme or 0.3 ml. of dialyzed 
commercial hog kidney extract (4), 50 mg. per ml., 7 mg. of L-arginine monohydro- ( 
chloride, 0.2 ml. of 1 m hydroxylamine hydrochloride adjusted to pH 7.0, and 0.1 
ml. of 1 M potassium phosphate buffer, pH 7.0, in a final volume of 0.8 ml. _ In addi- 
tion, 5 mg. of amino acid were added to the tubes designated below. After incuba- 
tion for 4 hours at 34°, 0.2 ml. of acetone and 0.2 ml. of 30 per cent trichloroacetic 
acid were added. After centrifugation, aliquots of the supernatant solutions were 
analyzed colorimetrically for hydroxyguanidine. 


Hydroxyguanidine formed 


Components 
S. griseus Kidney 
7 7 
Complete system. . 97 40 n 
‘enzyme 0 0 
arginine... 0 0 
“ + ornithine (5 mg.).............. 0 (- 
+2 A-diaminobutyrate.... 99 39 ti 
glycine... 103 16 
< + 8- alanine. . 105 39 
ni 
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trapping agent. When liver arginase was substituted for transamidinase 
in the above reaction, hydroxyguanidine formation could not be detected, 
nor could Reaction 2 be demonstrated with arginase.' 

Inhibition of Transamidinase by Formamidine Disulfide——Evidence has 
accumulated which indicates that kidney transamidinase has an essential 
sulfhydryl group (4, 18,19). 3S. griseus transamidinase likewise is inhibited 
by sulfhydryl inhibitors such as p-chloromercuribenzoate. In addition, 
as in the case of kidney (4), the combination of ferricyanide plus compounds 
such as 2-thiolhistidine, 2-thiouracil, or 2-benzimidazolethiol strongly 
inhibits transamidination in S. griseus. It has been proposed that the 


Taste Il 
Canavanine-Ornithine Transamidination in S. griseus 

The complete system contained 4.5 mg. of L-canavanine, 3 mg. of L-ornithine 
monohydrochloride, 0.3 ml. of enzyme, and 0.1 ml. of 1 m potassium phosphate buffer, 
pH 7.5; the final volume was 0.9 ml. In addition, certain tubes contained the com- 
pounds shown below; substrates were added last. After incubation at 34° for 4 
hours, aliquots of the deproteinized solutions were assayed for arginine by the 
Sakaguchi method (21). A relative activity of 100 represents 680 y of arginine formed 
by the reaction. 


Components Relative activity 
1X 10°* m formamidine disulfide...... 14 
102 
+22 “ ferricyanide................ 100 
+ 5.5 X 10°‘ “ thiolhistidine............... 25 


latter inhibitions result from the formation of a mixed disulfide with an 
essential sulfhydryl group of the enzyme (4). If this is indeed the mecha- 
nism of inhibition, it should be possible to inhibit transamidinase in the 
absence of ferricyanide by the addition of disulfides of the above or related 
compounds. The simplest disulfide possessing the desired configuration 
(4) is formamidine disulfide. Tests made with this compound revealed 
that formamidine disulfide is an extremely potent inhibitor of transamidin- 
ase. Table II shows its inhibition of canavanine-ornithine transamidina- 
tion? No inhibition occurs in the presence of cysteine (9). Inhibition by 


'J. B. Walker, unpublished experiments. 

*Canavanine-ornithine transamidination can be considered as enzymatically 
equivalent to the arginine-ornithine exchange reaction characteristic of transamidi- 
nations; it is the reaction generally used in this laboratory to explore, as well as to 
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ferricyanide plus 2-thiolhistidine without the usual preincubation period js 
included for comparison. 

It appeared of interest, in light of a previous proposal as to the location 
of the sensitive sulfhydry] group (4), to determine how rapidly formamidine 
disulfide inhibits transamidination. From the dash curve of Fig. 1 it 
can be seen that inhibition of the arginine-ornithine exchange reaction is 
almost instantaneous, indicating that the area on the enzyme surface 
adjacent to the essential sulfhydryl group has a strong affinity for the 
positively charged formamidine disulfide. It is suggested that inhibition 
of transamidinase by formamidine disulfide occurs by the mechanism shown 
in Reaction 5. 

NH,* 


(5) Enzyme—SH + H:N—C—S—S—C—NH: — 
NH,* 


| 
enzyme—S—S—C—NH,: + H:N—C—NH, + 


In agreement with this mechanism, when kidney transamidinase is 
treated with formamidine disulfide, followed by dialysis, the subsequent 
addition of cysteine restores transamidinase activity. 


SUMMARY 


1. Streptomyces griseus possesses a transamidinase which, in contrast to 
mammalian kidney transamidinase, does not react with glycine. 

2. The mold transamidinase, like the kidney enzyme, catalyzes re- 
versible arginine-ornithine and canavanine-ornithine transamidinations. 

3. The concept of an enzyme-amidine intermediate in transamidination 
reactions is supported by (a) the occurrence of the arginine-ornithine 
exchange reaction, coupled with specificity considerations, and (b) the 
fact that the formamidine moiety of the intermediate can be trapped with 
hydroxylamine to form hydroxyguanidine. 

4. Formamidine disulfide is found to be a potent inhibitor of transami- 
dinase. It is suggested that its inhibitory action results from the forma- 
tion of a mixed disulfide with an essential sulfhydryl group on the enzyme. 

5. A sensitive colorimetric assay for hydroxyguanidine is described. 


assay, for transamidinase. By this means weak transamidinase activity has been 
detected in mammalian thymus and testis. Canavanine has also proved useful in 
this laboratory for structural studies: determination of the structure of the derived 
canavaninosuccinic acid by hydrogenolysis to homoserine and guanidinosuccinic 
acid (20) has provided independent evidence for the structure of argininosuccinic 


acid. 


— 
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A COLORIMETRIC METHOD FOR DETERMINATION OF 
LINKAGE IN HEXOSAMINE-CONTAINING 
COMPOUNDS* 


By J. A. CIFONELLI anp ALBERT DORFMAN 


(From the La Rabida University of Chicago Institute, and the Departments of 
Pediatrics and Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, August 15, 1957) 


The Ehrlich reagent has been used extensively for the estimation of 
acetylated and free hexosamines. The Morgan-Elson (1) method depends 
upon reaction of this reagent with a chromogen formed from N-acetyl- 
hexosamines under mildly alkaline conditions, while the Elson-Morgan 
(2) method depends upon the formation of chromogens resulting from 
the interaction of hexosamines and acetylacetone. 

Under certain conditions (3), the Morgan-Elson reaction permits the 
distinction from each other of 3-, 4-, and 6-substituted hexosamines (4, 
5), since 4-substitution abolishes the reaction while 3-substitution en- 
hances color production. Increased color yield has also been observed 
with N-acetylhyalobiuronic acid, the disaccharide obtained by the action 
of bacterial hyaluronidase on hyaluronic acid (‘‘bacterial disaccharide’’), 
and with an acetylated amino sugar isolated from a uridine nucleotide 
(6,7). Ina previous publication from this laboratory (7), it was demon- 
strated that application of the Elson-Morgan reaction to the deacetylated 
form of this amino sugar results in a spectrum differing from that obtained 
with glucosamine or galactosamine. Strange and Dark (8) have also 
observed this spectral shift with an amino sugar isolated from cell walls of a 
number of microorganisms. In a preliminary report (9), it was suggested 
that this amino sugar is 3-0-a—carboxyethylhexosamine. 

These facts raised the possibility that the observed spectral shift is 
correlated with 3-substitution of hexosamines and might be useful for 
the determination of structure in hexosamine-containing polysaccharides. 
It is the purpose of this paper to present evidence that such a correlation 
does exist and to indicate the applicability of this method to structural 
determinations. 


Methods 


Hexosamine was determined by the Boas modification (10) of the Elson- 
Morgan reaction, omitting the resin treatment. 
* This investigation was supported by grant No. (H-311) from the National Heart 


Institute, National Institutes of Health, United States Public Health Service, the 
Chicago Heart Association, and the Helen Hay Whitney Foundation. 
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N-Acetylhyalobiuronic acid was isolated from testicular hyaluronidase 
digests of hyaluronic acid by the method of Weissmann et a/. (11). De- 
acetylation was accomplished by hydrolysis with 1.0 N HCl for 1 hour at 
100°. 

“Bacterial disaccharide” resulting from the action of streptococcal 
hyaluronidase! on hyaluronic acid was isolated by chromatography on a 
charcoal column as described by Linker, Meyer, and Hoffman (12). 

Hyaluronic acid was obtained from cultures of streptococci and purified 
by the method of Cifonelli and Mayeda (13). Chondroitinsulfurie acid 
was extracted from bovine nasal septum powder? with 2 per cent NaOH 
and purified by the same method. 

Heparin and chondroitinsulfuric acid B (8-heparin) were gifts of Dr. A. 
Winterstein of Hoffmann-La Roche, Inc., Basle; 3-0, 4-O, and 6-O-methyl- 
glucosamines were obtained from Dr. R. W. Jeanloz, and keratosulfate 
was a gift of Dr. Karl Meyer. 

Absorption spectra were obtained by use of a model DU Beckman 
spectrophotometer with the use of 1 em. cells. 


Results 


In order to determine whether the 510 my absorption maximum pre- 
viously observed for the amino sugar isolated from a bacterial uridine 
nucleotide (and cell walls) is correlated with 3-substitution, the Elson- 
Morgan reaction was performed on a series of compounds of known struc- 
ture. The results in Fig. 1 indicate that, of the five compounds tested, 
only 3-methylglucosamine and hyalobiuronic acid show absorption maxima 
at 510 mu. Hyalobiuronic acid has been shown by Weissmann and Meyer 
(14) to be 3-O-(8-p-glucopyranosyluronic acid)-2-amino-2-deoxy-p-glucose. 
The absorption spectra obtained with these two compounds are identical 
with that previously published (7). For the 3-substituted compounds 
the ratio of absorbancy at 540 my to that at 510 my is approximately 0.35 
in contrast to 1.38 for free glucosamine, 1.28 for 4-methylglucosamine, 
and 1.40 for 6-methylhexosamine. The absorption spectrum for galactos- 
amine, not shown on Fig. 1, is similar to that for glucosamine. It is 
interesting to note that 4-methylglucosamine gives the Elson-Morgan 
reaction, although 4-methyl-V-acetylglucosamine gives no color in the 
Elson-Morgan reaction (4, 5). 

This marked difference in ratios suggested that even in mixtures it 
might be possible to detect the presence of 3-substituted hexosamine oligo- 


1 The enzyme utilized was partially purified from a crude preparation obtained 
through the courtesy of Dr. J. M. Ruegsegger of the Lederle Laboratories Division, 


American Cyanamid Company. 
2? Obtained from Dr. David Klein of The Wilson Laboratories. 
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saccharides. This method was therefore applied to the problem of link- 
age analysis of hexosamine-containing polysaccharides and oligosac- 
charides. 

The application to polysaccharides depends upon the liberation, in the 
course of hydrolysis, of oligosaccharides containing deacetylated hexos- 
amine residues at the reducing end of the molecule. With compounds 
showing the formation of proportionately large amounts of free hexosamine 
along with oligosaccharides, the method becomes less sensitive when ap- 
plied directly to hydrolysates. 


— GLUCOSAMINE 

«——« 3-METHYL GLUCOSAMINE 
© ——© HYALOBIURONIC ACID 
O.3} 4-METHYL GLUCOSAMINE 
6-METHYL GLUCOSAMINE 


490 500 51 520 530 540 550 560 
Fic. 1. Absorption curves of Elson-Morgan reaction of compounds of known 
structure. 


For maximal sensitivity, the deacetylated oligosaccharides were sep- 
arated from acetylated oligosaccharides and free hexosamines. Muco- 
polysaccharide hydrolysates were treated with Dowex 50 H*, which does 
not adsorb the acetylated hexosamine-containing compounds. The 
deacetylated compounds were eluted with 2 nN HCl and the eluate treated 
with charcoal. Free hexosamines are not adsorbed by charcoal, thus 
affording a separation of the deacetylated substituted compounds which 
were recovered from charcoal by elution with ethanol. 

Since the results illustrated in Fig. 1 indicated that an absorption maxi- 
mum at 510 my was characteristic of 3-substitution, the method was 
applied to a series of polysaccharides of both known and unknown struc- 
tures. Following hydrolysis for variable periods of time with HCl at 
100°, the Elson-Morgan reaction was performed, and the absorbancies 
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at 540 and 510 my were compared. The results of a group of such 
experiments performed directly on the hydrolysates are summarized in 
Table I. Hydrolysis of hyaluronic acid and chondroitinsulfuric acid 
A results in rapid liberation of Elson-Morgan-reactive materials. The 
low 540 to 510 my ratio indicates these to consist primarily of 3-substituted 
compounds. As hydrolysis progresses, the ratio increases, indicating 
progressive release of free hexosamines. These results are in keeping 
with the structures which have been established by chemical means (15, 
16). 


TaB_e II 


Comparison of Results of Elson-Morgan Reaction Obtained; Hydrolysates and 
Oligosaccharides Separated by Concentration Technique* 


Substance 
Ratio, Ratio, 

0.44 
Chondroitinsulfurie acid A.......... 0.48 

1.30 0.38 
“Bacterial disaccharide”’............ 1.25 0.65 
Hog gastric mucin.................. 1.30 0.70 


* Due to differential lability of the compounds tested, hydrolytic conditions were 
varied as follows: hyaluronic acid, chondroitinsulfuric acid A, and heparin, 1 hour, 
2.0 n HCI; chondroitinsulfuric acid B, 1 hour, 1.0 n HCl; ‘‘bacterial disaccharide’’ 
and keratosulfate, 1 hour, 0.4 n HCI; hog gastric mucin, 0.5 hour, 1 N HCl; and chi- 
tin, 8 hours, 2 n HCl. 


Progressive hydrolysis of chondroitinsulfuric acid B results in an in- 
crease of the ratio, suggesting the presence of 1,3 linkages. However, the 
initial ratio is much higher than that obtained with chondroitinsulfuric 
acid A and hyaluronic acid. This is due to a more rapid cleavage of 
uronido bonds than in the cases of hyaluronic acid and chondroitinsulfuric 
acid A. The presence of free L-iduronic acid in such hydrolysates has 
been demonstrated (17, 18). It also has been possible to separate a 
disaccharide from such hydrolysates, which shows a ratio (540 my to 
510 my) of 0.35.5 

The results suggest that heparin differs markedly in structure from 
other mucopolysaccharides tested since Elson-Morgan-reactive materials 


* Cifonelli, J. A., Ludowieg, J., and Dorfman, A., unpublished observations. 
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are only slowly liberated (19), and no evidence for 3 substitution was 
apparent, even if the concentration technique was applied. 

Analysis of keratosulfate hydrolysates gave evidence of 3 substitution 
only after application of the concentration technique (Table II). 

The results of similar studies carried out with the “bacterial disaccha- 
ride,” hog gastric mucin, and chitin areshown in Tablell. No evidence of 
3-substitution was obtained with chitin. This was expected since chitin 
has been shown to contain 1,4 linkages (20). Evidence for 3 substitution 
in crude gastric mucin was obtained only after concentration of deacetyl- 
ated oligosaccharides. This is of interest in view of the recent isolation 


LSOr 
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ABSORBANCY RATIO 
oO 


O50 5 20. 25 30 
PER CENT CHONDROITINSULFURIC ACID-A 
IN MIXTURES 


Fic. 2. The effect of mixture of various amounts of chondroitinsulfuric acid A 
with heparin and chondroitinsulfuric acid B. Hydrolysis was carried out with 1.0 
HCl for 1 hour at 100°. X = chondroitinsulfuric acid A in chondroitinsulfurie acid 
B; @ = chondroitinsulfurie acid A in heparin. 


from blood group substances of a disaccharide-containing 3-substituted 
hexosamine (21). 

“Bacterial disaccharide” appears to undergo rapid hydrolytic cleavage, 
as evidenced by the high ratio. The production of free N-acetylated 
glucosamine was demonstrated by paper chromatography. However, 
sufficient deacetylated disaccharide is formed so that, after application 
of the concentration technique, a ratio of 0.65 was obtained, suggesting 
the presence of 3-substitution. The failure to obtain a lower ratio is 
probably due to progressive hydrolysis by the Dowex 50 H* used in the 
isolation of the deacetylated disaccharide. 

The results in Table I indicate marked differences in properties of the 
various sulfated mucopolysaccharides, both with respect to rate of libera- 
tion of Elson-Morgan-reactive materials and the 540 to 510 my ratio. 


x 


Was 


J. A. CIFONELLI AND A. DORFMAN 17 


These characteristics may be utilized for the detection of admixture of 
sulfated acid mucopolysaccharides. The results of the analysis of hy- 
drolysates of various mixtures of chondroitinsulfuric acid A and heparin, 
and chondroitinsulfuric acid A and chondroitinsulfuric acid B, are il- 
lustrated in Fig. 2. As little as a 5 per cent contamination of chondroitin- 
sulfuric acid A can be detected in heparin. In the case of contamination 
of chondroitinsulfurie acid B, the method is less sensitive. 


DISCUSSION 


3-Substituted hexosamines may be identified by the absorption spectrum 
in the Elson-Morgan reaction which has a maximum of 510 my in contrast to 
that observed for free hexosamines or compounds substituted in the 4 or 6 
positions. The method is simple since it can usually be applied directly 


TaB_e III 
Effect of Substitution on Hezosamine Color Reactions 
Position substituted | Elson-Morgan reaction Morgan-Elson reaction 

| No reaction 

-2 Amino group 
C-3 Maximum at 510 my Increased color yield with NasCOs; 
C-5 Ring structure Ring structure 
C-6 Maximum at 540 my Color yield about same as unsub- 

stituted 


* Usually no reaction is obtained. Exceptions have been reported (22). 


to the hydrolytic products. In the event that significant production of 
free hexosamines occurs, recourse to an oligosaccharide-concentrating 
method is possible. Application of this method to hexosamine com- 
pounds with known substitution indicates that it may be utilized ad- 
vantageously for linkage analysis. In this way it has been noted that 
chondroitinsulfurie acid B, as well as keratosulfate, has hexosamines 
substituted in the 3 position. 

Since compounds substituted on carbon 4 do not give the Elson-Morgan 
reaction (4, 5), appropriate application of this method, along with that 
described in this paper, makes identification of 3-, 4-, and 6-substituted 
hexosamine compounds possible. Colorimetric linkage analysis can be 
carried further, since glycoside formation at carbon 1 inhibits the Elson- 
Morgan reaction, although some hexosaminido compounds give the 
Elson-Morgan reaction (22). Substitution of carbon 6 does not appear to 
alter either of the color reactions. Since carbon 2 has an amino group 
and carbon 5 is usually blocked by pyranose formation, it becomes pos- 
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sible to define the position of substitution by the use of these methods. 
A summary of the reactions involved is given in Table III. 

It is suggested that these methods might be employed for the prelimi- 
nary identification of substituted hexosamine compounds. Thus far only 
a limited number of known compounds have been examined. It is possible 
that as more compounds can be tested the methods will gain in reliability. 


SUMMARY 


1. The finding of a 510 my absorption maximum in the Elson-Morgan 
reaction appears correlated with 3-substitution of hexosamines. 

2. The Elson-Morgan absorption spectrum obtained on products of 
partial hydrolysis of hexosamine-containing polysaccharides may be used 
to determine hexosamine substitution. 

3. Application of this method suggests 3 substitution of the hexosamines 
in keratosulfate and chondroitinsulfuric acid B. Hog gastric mucin was 
found to contain a 3-substituted hexosamine component. 

4. By spectral analysis, as little as 5 per cent contamination of heparin 
by chondroitinsulfuric acid A can be detected. 
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IV. PHOSPHOGLUCOSE ISOMERASE, PURIFICATION AND PROPERTIES* 


By K. K. TSUBOI,t J. ESTRADA, anp PERRY B. HUDSON 


(From the Departments of Biochemistry and Urology, Francis Delafield Hospital, 
and the Institute of Cancer Research, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, October 11, 1957) 


The enzyme, phosphoglucose isomerase, catalyzes the reversible equilib- 
rium reaction: 


Glucose-6-PO, — fructose-6-PO, 


The enzymatic interconversion involves a net transfer of hydrogen 
which migrates as a proton (1). In spite of an early reference (2) to the 
role and existence of this glycolytic enzyme within a variety of animal 
tissues, it apparently has not been prepared previously in a significantly 
purified state from any source. Fractions rich in this enzyme have been 
separated from rabbit muscle (3), and a purification of a phosphomannose 
isomerase has also been achieved from this tissue (4). The possibility of 
obtaining phosphoglucose isomerase in purified form from human erythro- 
cytes was considered after a report (5) which described appreciable activity 
as associated with these cells. 

Previous papers of this series (6-8) have been concerned with the isola- 
tion and characterization of various enzymes obtained from the human 
erythrocyte. The present report will summarize information pertinent to 
obtaining phosphoglucose isomerase in a highly purified form and will also 
describe certain characteristic properties of the enzyme. 


EXPERIMENTAL 


Materials and Methods 


Enzyme Source—-Washed erythrocytes separated from outdated human 
blood obtained from the hospital blood bank served as the source of en- 
zyme. The erythrocytes were washed with 1 per cent sodium chloride 
solution by repeated centrifugation, with care taken to remove adhering 


* Supported in part by a grant from the Damon Runyon Memorial Fund for Can- 
cer Research, Inc., and by a grant from the United States Atomic Energy Commis- 
sion, Division of Biology and Medicine, contract No. AT (30-1)1119. 

t Present address, ieduniens of Pediatrics, Cornell University Medical College, 
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leucocytes. The washed cells were hemolyzed by the addition of 1 vol- 
ume of water and used directly for the preparation of enzyme. 

Enzyme Substrates—Commercial preparations (Schwarz) of glucose 
6-phosphate (G-6-P) and fructose 6-phosphate (I°-6-P) were purified by 
several precipitations of the barium salts from dilute ethanol solution. 
Barium was removed by treatment with Dowex 50 (H), and after neutrali- 
zation the resulting solutions were standardized by phosphate analyses (9), 

Enzyme Assay—Routine phosphohexose isomerase assay was based es- 
sentially on a method described by Bodansky (5). The method was, 
however, extended to allow a more generalized application. The assay 
procedure as utilized follows: 

Reaction mixtures were at 1.0 ml. volume and contained 2 ywmoles of 
either G-6-P or F-6-P in 0.1 M tris(hydroxymethyl)aminomethane (Tris) 
buffer at pH 7.5 and appropriately diluted enzyme. After incubation 
(arbitrary period, usually 10 or 20 minutes) at 37°, the reaction was stopped 
by the addition of an equal volume of acid (usually 5 per cent trichloro- 
acetic acid). Fructose (as F-6-P) was determined directly on these sam- 
ples by using the Roe reagent (10) as applied by Bodansky (5). Depend- 
ing upon the substrate used, enzyme activity was followed either by the 
rate of F-6-P formation or disappearance. Only with the initial crude ma- 
terial (7.e. hemolysate) was it necessary to deproteinize the solution be- 
fore fructose determination. 

Enzyme Activity—Enzymatic interconversion of G-6-P and F-6-P was 
found to proceed to equilibrium from either direction at an equivalent 
rate, according to conventional first order kinetics. Final equilibrium 
mixtures contained 60 per cent G-6-P and 40 per cent F-6-P at 37°. At 
equivalent substrate concentration, therefore, F-6-P is converted at 1} 
times (7.e. 60 to 40) greater rate than G-6-P (see below). Equivalent 
activity values can therefore be obtained by using either as substrate by 
computing the fraction of theoretical maximal conversion occurring within 
the selected reaction period. 

Enzyme activity could be conveniently expressed in terms of the first 
order velocity constant and was computed as follows: Activity = 1 
logio 100/100-X; where ¢ is expressed in minutes and X represents the per 
cent of maximal conversion of substrate after time ¢ (maximal conversion 
of G-6-P and F-6-P taken as 60 and 40 per cent of initial concentrations 
respectively). | 

A plot of an experiment demonstrating the relationship between activity, 
enzyme concentration (A), and reaction time (B) as computed according 
to the above equation, by using G-6-P and F-6-P as substrates, is presented 
in Fig. 1. It is evident that activity can be expressed as a linear function 
of enzyme concentration and reaction time with identical values resulting 
with either substrate. 


7? & 
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Enzyme Unit—A unit of enzyme will be defined as that amount yielding 
| activity unit with the previously specified assay conditions. It is ob- 
vious from the activity equation that 1 unit of enzyme will correspond to 
that amount which yields 90 per cent of the theoretical maximal conversion 
of substrate within a 1 minute reaction period. 

Protein Estimation—Protein concentrations were estimated by micro- 
Kjeldahl nitrogen analysis (11) as well as by tyrosine measurements by 
using the phenol reagent (12). 
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Fie. 1. Interconversion of G-6-P and F-6-P as a function of enzyme concentration 
(A) and reaction time (B). Reaction mixtures contained designated volumes of ap- 
propriately diluted purified enzyme, 0.1 mM Tris at pH 7.5, and 2 umoles of G-6-P or 
F-6-P, all in a final 1.0 ml. reaction volume. 


Results 


Enzyme Purification Procedure 


Enzyme Separation from Hemoglobin—Selective adsorption of phospho- 
glucose isomerase from the hemolysate, as successfully applied with other 
erythrocyte enzymes (6), was found to be inapplicable. A satisfactory 
procedure for hemoglobin removal was, however, found in the chloroform- 
alcohol denaturation technique initially deseribed by Tsuchihashi (13) and 
subsequently successfully applied by others (e.g. (14-16)). Preliminary 
experiments indicated a rapid rate of hemoglobin denaturation after short 
periods of vigorous stirring of crude hemolysate with an equal volume of 
a 1:1 chloroform-methanol mixture. <A rapid and near maximal denatura- 
tion of both enzyme and total protein resulted after several minutes of 
vigorous stirring, with little further loss of either occurring after this time 
(see Fig. 2). Enzyme denaturation during this period was approximately 
60 per cent, with total protein at 99 per cent. In subsequent experiments 
it was found that by carrying out the chloroform denaturation at a lower 
temperature (— 10°) proportionately less enzyme and protein denaturation 
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occurred (probably superior procedure, although not used, yielding better 
enzyme recoveries and approximately equivalent purification). 

The chloroform denaturation procedure as applied in the purification 
studies follows (for a summary, see Table I, Step A): A total of 2 liters of 
washed erythrocytes was prepared and hemolyzed by the addition of an 
equal volume of ion-free water. The resulting hemolysate was divided into 
four equal batches. Each 1000 ml. batch was immersed in an ice bath 
and cooled to near 0° and vigorously stirred (with the aid of a motor-driven 
stirrer) for a 10 minute period in the presence of an equal volume of cold 
(0°) 1:1 chloroform-methanol mixture. After the stirring period, 400 ml, 
of cold water were added and the denatured protein was separated by 
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Fig. 2. Relative denaturation of protein and enzyme as induced by chloroform- 
methanol treatment of crude hemolysate. Denaturation carried out at 0°. 


filtration overnight under reduced pressure in a cold box at near 0°, yield- 
ing a clear, light pink to colorless filtrate. 

Concentration of Filtrates and Dialysis—The clear filtrates which result 
from the chloroform treatment required the removal of organic solvents 
for maximal enzyme stability as well as considerable concentration before 
further enzyme fractionation (protein concentration usually around 0.1 
per cent in filtrates). Attempts at concentration by salting out proteins 
with ammonium sulfate proved unsuccessful due to considerable enzyme 
inactivation. Lyophilization of filtrates could be successfully applied with 
little enzyme inactivation resulting; however, the procedure proved tedi- 
ous and was ultimately discontinued. An especially satisfactory method 
was eventually used incorporating a “flash evaporator’? (Renco Instru- 
ments), leading to a rapid, convenient means of concentration. Details 
concerning the concentration procedure follow (for a summary, see Table 
I, Step B). 
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The filtrate from the chloroform denaturation step was transferred to 2 
liter round bottomed boiling flasks and a few drops of antifoam agent were 
added (octyl alcohol). The flask was connected to a “‘flash evaporator” 
and rotated at room temperature. A dry ice trap was incorporated be- 
tween the vacuum pump and rotator. The organic solvents were rapidly 
distilled, and the flask was subsequently immersed in a 37° water bath to 
complete the concentration. The final concentration step was carried out 
in a 50 ml. boiling flask with care taken to avoid evaporation to dryness 
(enzyme loss was noted when solutions were taken to dryness). 


Taste I 


Purification Protocol of Erythrocyte Phosphoglucose Isomerase as Carried Out 
on 2000 MI. of Washed Red Cells 


Degree of 
Proteint | Enzyme | Shevite purifica: 
me anits | 
| Crude hemolysate 4000 620,000 | 5500 0.0089 
A | Combined chloroform fil- | 3260 | 3,900 | 1670 | 0.43 | 48 
trates | 
B Dialyzed concentrate 408 | 3,300 1440 0.44 49 
© | Ethanol fraction 1 (0- 16 431 | 1250 | 2.9 | 330 
607%) 
D | Ethanol fraction 2 (50- 5 1200 
0%) 


* For details concerning purification steps, consult the text. 

t Protein estimated by nitrogen analyses on original hemolysate and final purified 
product only. All intermediate fractions analyzed for protein content by tyrosine 
measurements. 

A unit of enzyme defined as that amount capable of converting either G-6-P or 
F.6-P to 90 per cent of theoretical maximum within a 1 minute reaction period at 
37° (consult the text for details concerning assay conditions as well as computation 
of activity). 


The concentrated solution was transferred to a washed cellophane tube 
(washed and thoroughly soaked in versenate to reduce heavy metal con- 
tamination) and dialyzed overnight against 4 liters of ion-free water in the 
refrigerator. The resulting dark red solution was centrifuged to remove 
denatured protein. Very little loss of enzyme usually occurred through- 
out the concentration and dialysis procedures. 

First Ethanol Fractionation—Subsequent purification of the enzyme 
leading to the final product was achieved by cold ethanol fractionation. 
Other purification methods which were tried without success included salt 
fractionation, the use of various gels, and further selective denaturation 
techniques. 
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The relative solubility of enzyme as compared with the other proteins 
present in the preparation was tested over a range of ethanol concentra- 
tions (see Fig. 3). From these results, a good fractionation of the enzyme 
with the use of ethanol was anticipated. Maximal enzyme stability in 
ethanol solutions required that the pH be around 7.5 and the temperature 
at 0° and below. The first ethanol fractionation procedure as applied 
follows (for a summary, see Table I, Step C). 

The dialyzed enzyme concentrate was adjusted to approximately 2 per 
cent protein concentration and buffered at pH 7.5 in 0.1 m Tris. The 
resulting solution was cooled to an icy slush, and cold ethanol (at 0°) was 
rapidly added to a final 60 per cent concentration (v/v). The sediment 
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Fig. 3. Relative solubility of enzyme and total protein in cold ethanol solutions. 
Solubility determined at 0° in the presence of 0.1 m Tris buffer at pH 7.5. 


containing nearly all of the enzyme was removed by centrifugation at 0° 
and dissolved in a minimal volume of cold water. Abundant denatured 
protein present was removed by centrifugation and the resulting clear 
supernatant fluid treated in a flash evaporator to remove excess ethanol. 
The enzyme solution was practically colorless after the alcohol fractiona- 
tion procedure and could be stored for prolonged periods at refrigerator 
temperatures with little or no loss in activity. 

Second Ethanol Fractionation—¥inal enzyme purification was accom- 
plished by refractionation with ethanol. Preliminary studies with small 
aliquots of the preparation indicated an increased instability of the enzyme 
in ethanol, requiring a temperature of less than 0° to be maintained during 
the refractionation procedure. By working at a temperature of —10°, 
little or no inactivation of enzyme occurred. 
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The refractionation procedure as applied follows (for a summary, see 
Table I, Step D). 

The enzyme solution was prepared for refractionation by adjusting to 
pH 7.5 in 0.1 m Tris buffer and diluting to approximately | per cent pro- 
tein concentration. The solution was cooled to an icy slush, and ethanol, 
previously cooled to —20°, was rapidly added to a final concentration of 
50 per cent (v/v). The resulting sediment was discarded after centrifuga- 
tion at —10°, and contained somewhat less than one-half and one-fourth 
of the original protein and enzyme, respectively. To the supernatant 
liquor was added more cold ethanol (—20°) in an amount sufficient to 
bring the concentration to a final 62 per cent (v/v). The resulting small 
amount of sediment contained practically all of the remaining enzyme and 
was removed by centrifugation at —10°. The sediment was dissolved in 
a minimal volume of water and treated in a flash evaporator to remove 
excess ethanol. Insoluble protein present was removed by centrifugation 
and discarded. The resulting clear, practically colorless solution (slightly 
yellow) represented the final product. The purified product was found to 
be stable for months at refrigerator temperatures. 


Relative Enzyme Purity 


Further purification of the enzyme was not feasible in view of the limited 
amount of starting material selected. Enzyme preparation on a larger 
scale was not considered within the scope of the present investigations. 

From rate data, the approximate turnover number (7.e., moles of sub- 
strate converted per minute per 100,000 gm. of protein) of the preparation 
was estimated to be in excess of 30,000 (based on an initial rate by using 
0.014 m G-6-P as substrate, 37° reaction temperature, and pH 7.5). From 
the relatively large turnover number, a high degree of purification was 
initially assumed. Subsequent examination of the preparation by paper 
electrophoresis disclosed the presence of at least four components. Further 
examination suggested that the enzymatically active component consti- 
tuted approximately 20 to 25 per cent of the total protein and traveled as 
a cation at pH 8.5 (other protein contaminants traveled as anions or did 
not move at this pH). The apparent strongly basic character of the en- 
zyme relative to the other proteins present suggested that a final isolation 
in pure form might be achieved by ion exchange chromatography.  Cir- 
cumstances did not allow a further examination of this possibility. 


Properties of Purified Enzyme 
Kinetics—The characteristics of G-6-P and F-6-P interconversion by 
the purified erythrocyte isomerase are summarized graphically in Fig. 4. 
The reaction proceeds to equilibrium and approaches this position froiu 
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either direction at equivalent rate. Equilibrium mixtures were estimated 
to contain 60 per cent G-6-P and 40 per cent F-6-P, as mentioned previ- 
ously. The equilibrium position found is identical with that reported for 
isomerase from human serum (17) and differs somewhat from published 
figures (2, 18) obtained with enzyme from other sources. The relationship 
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Fia. 4. Interconversion of G-6-P and F-6-P by erythrocyte isomerase. Reaction 
mixtures contained 2 ymoles of G-6-P or F-6-P, 0.1 m Tris buffer at pH 7.5, and ap- 
propriately diluted purified enzyme, all in a final 1.0ml. volume. The reaction time 
was maintained constant (10 minutes) in one series of experiments, and enzyme con- 
centration varied. In the other series, reaction time was varied by using a single 
level of enzyme (lowest level). 

Fig. 5. Reaction velocity as a function of substrate concentration. Reaction 
mixtures contained substrates at designated levels, 0.1 m Tris buffer at pH 7.5, and 
appropriately diluted purified enzyme. S refers to substrate in each case and V is 
the reaction velocity expressed as micromole of F-6-P formed or transformed. 


between the interconversion rate and the reaction time as well as enzyme 
concentration is demonstrated with the two substrates. 

The relative reaction rate was determined over a wide range of substrate 
concentrations (Fig. 5). The results are summarized graphically by using 
the familiar double reciprocal plot (19) for convenience of evaluation. In 
the presence of dilute substrate levels, the response is linear in accord with 
predicted theory. At substrate concentrations in excess of 0.005 m, devia- 
tions occur which lead to rates in excess of that expected. The Michaelis 
constants (K,) did not differ significantly for the two substrates as esti- 
mated from.the linear portions of the curves. 
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The purified enzyme showed a sharp pH optimum at around 8 with 
f-6-P and a broad peak centering at approximately the same position with 
(-6-P as substrate (see Fig. 6). These results are essentially similar to 
those reported for the isomerase present in human serum (17). 

Temperature effects on the reaction rate were determined with the 
purified enzyme in the presence of both G-6-P and F-6-P (see Fig. 7). A 
temperature range of 15-—45° was investigated at increments of 5°. A plot 
of the log of the reaction rate against the reciprocal of the absolute tem- 
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Fic. 6. enzyme activity as a function of pH. Reaction mixtures contained 2 
umoles of G-6-P or F-6-P in 0.1 m Tris-acetate buffers of appropriate pH and appro- 
priately diluted purified enzyme. The resulting activity was computed in the usual 
manner. 

Fic. 7. Influence of temperature on the reaction velocity (K). Reaction mixtures 
contained 2 wymoles of G-6-P or F-6-P in 0.1 m Tris buffer at pH 7.5 and appropriate 
dilutions of purified enzyme, all in a 1.0 ml. reaction volume. Reaction velocities 
were computed from the first order rate equation as applied (see the text). 


perature is shown. A common straight line results from this plot for 
both substrates over the entire temperature range investigated. From the 
slope of the single straight line, the apparent activation energy was approxi- 
mated for the catalyzed reactions to be 11,000 calories. 

Enzyme Stability—The thermal stability characteristics of the purified 
enzyme were determined. Maximal stability to heat was at alkaline pH 
and centered around 8.5, in support of a basic isoelectric point, as was 
previously indicated. Demonstrable inactivation did not occur at this 
pH until a temperature of 47° was approached. Further elevation of the 
temperature to 50°, however, resulted in a rapid destruction of the enzyme. 
Enzyme inactivation rates observed at 47° as a function of pH are repro- 
duced in Fig. 8. The denaturation proceeds at constant rate in accord 
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with first order reaction kinetics. The denaturation rate was independent 
of the enzyme concentration over a wide investigated range, as would be 
expected. 

Because the addition of non-ionic, surface-active agents and various 
metal-binding reagents was found to show no measurable effect on the 
inactivation rate, thermal inactivation of the enzyme was considered to 
represent a true denaturation process (viz., destruction of hydrogen bond- 
ing) rather than inactivation induced by surface forces or by heavy metal 
contaminants (7). The stability of the enzyme to surface forces could per- 
haps have been predicted by its proved ability to withstand destruction by 
thechloroform procedureemployed inisolation. Insensitivity of theenzyme 
toward the usual heavy metal contaminants, as indicated by a lack of ef- 
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Fic. 8. Thermal denaturation characteristics as a function of pH. The denatura- 
tion was carried out in the presence of 0.1 m Tris-acetate buffers adjusted to appro- 
priate pH. Residual activity was determined in the usual manner, following appro- 
priate dilution. 


fect by added metal-binding agents on the stability, suggested the non- 
sulfhydryl nature of the enzyme. Subsequent reaction of the enzyme in 
the presence of the more specific sulfhydryl reagents showed little or no 
inactivation to result when tested with p-chloromercuribenzoate (0.002 M), 
iodosobenzoate (0.002 mM), and iodoacetamide (0.02 m). The suspected re- 
sistance to metal inactivation was confirmed by the finding of little effect 
after incubation of the enzyme in the presence of Cot*, Nit**, Pb*t*, Cut, 
Fe++, and Fet++ (all at 0.001 m). Measurable inactivation did occur, 
however, in the presence of Zn*+*+, Cd** (approximately 50 per cent redue- 
tion in activity at 0.001 m), and Hg** (complete inactivation at 0.001 M). 


SUMMARY 


Detailed procedures have been presented for obtaining phosphohexose 
isomerase in high purity from the human erythrocyte. The isolation tech- 
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niques involved a preliminary selective denaturation of hemoglobin with 
the use of chloroform-methanol mixtures as the active agent, followed by 
cold ethanol fractionation for obtaining the enzyme. The isolated prod- 
uct had a calculated turnover number of approximately 30,000 but was 
not yet pure. 


The purified product was further examined with respect to its kinetic 


properties and stability characteristics, the results of which were presented. 
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ACOMPARISON OF THE PATHWAYS OF GLUCOSE CATABOLISM 
IN THE NORMAL AND HYPERTHYROID RAT* 


By MARY JANE SPIRO? anv ERIC G. BALL 


(From the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, November 4, 1957) 


Recent studies from this laboratory (1, 2) have described the ability of 
thyroxine and related compounds to inhibit tm vitro certain oxidative en- 
zymatie reactions which involve the pyridine nuleotides. The inhibition 
by thyroxine of one of these, the transhydrogenase reaction, has focused 
our attention on the possible effects of this hormone in vivo, not only upon 
the pathways for the oxidation of TPNH,' but also upon individual reac- 
tions which require this specific coenzyme. Of processes that require TPN, 
one of the more important series of reactions is the phosphogluconate 
pathway for the oxidation of glucose. Now the studies of Glock and Me- 
Lean (3) have shown that in the thyrotoxic state there is a marked in- 
crease in the glucose 6-phosphate and 6-phosphogluconate dehydrogenase 
activity of rat liver extracts. However, Glock, McLean, and White- 
head (4), from their studies on the conversion of glucose-1-C" and glucose- 
i-C' to radioactive CO, by liver slices, concluded that the increased glucose 
catabolism in the hyperthyroid rat is predominantly caused by an aug- 
mented activity of the glycolytic pathway. These results suggested that 
the conversion of glucose to CO; by way of the phosphogluconate pathway 
in the hyperthyroid rat is in some way impeded, even though the specific 
enzymes involved in the dehydrogenase reactions may double their activ- 
ity. An explanation for these findings could be the blocking by thyroxine 
of the reoxidation of TPNH by way of the transhydrogenase reaction. 
We have therefore deemed it worth while to compare the conversion of 
glucose-1-C™ and glucose-6-C™ to radioactive CO, in the intact normal 
and hyperthyroid rat. Our results lead us to conclude that both pathways 
of glucose oxidation are about equally augmented in the hyperthyroid rat. 


* This work was supported in part by funds received from the Eugene Higgins 
Trust through Harvard University and from the National Foundation for Infantile 
Paralysis. 

t Research Fellow of the National Foundation for Infantile Paralysis. 

'The following abbreviations are used: TPN, TPNH, oxidized and reduced tri- 
phosphopyridine nucleotide, respectively. 
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EXPERIMENTAL 


Male albino rats (Holtzman Company, Madison, Wisconsin) were used, 
and were maintained on Purina chow ad libitum. The hyperthyroid state 
was produced by the addition of 3 ,3’ ,5-triiodo-L-thyronine to the drinking 
water at a concentration of 100 to 120 y per 100 ml. in the manner de. 
scribed by Gemmill (5). The animals weighed 290 to 390 gm. at the be- 
ginning of triiodothyronine administration and 255 to 365 gm. at the time 
of the experiments, with an average weight loss of 24 gm. Normal rats 
of the same age group were used as controls and their weight ranged from 
325 to 430 gm. Each animal received injections of both glucose-1-C¥ 
and glucose-6-C", an interval of 11 to 13 days being allowed between the 
injection of the two differently labeled glucoses. The order in which the 
injection was made appeared to have no effect upon the results. The 
hyperthyroid animals were used for the first injection after the triiodo- 
thyronine had been administered for 10 to 17 days. They were removed 
from the triiodothyronine treatment for 2 to 3 days during the interval 
before the second injection. 

100 mg. of glucose-1-C'* or glucose-6-C' were injected intraperitoneally 
in 2 ml. of water; the total radioactivity administered was approximately 
180,000 c.p.m. for the first three experiments and approximately 1,000,000 
c.p.m. for the last two. Immediately after the injection of glucose, the 
animals were placed in a metabolism train of the type described by Gi- 
dez (6) and the expired CO, was collected in 0.5 N NaOH. A gas-washing 
bottle containing saturated Ba(OH), was inserted at the end of the train 
as a guide to the completeness of absorption of CO, in the NaOH. Col- 
lections were made for two 15 minute periods, followed by two 0.5 hour 
periods. 

The radioactivity of the expired CO, was determined as BaCQO;. An 
aliquot of the NaOH solution which contained the expired CO, was mixed 
with an equal volume of 2.7 per cent NH,Cl-1.2 per cent BaCl.. The 
BaCO,; precipitate which formed was centrifuged and washed with COr 
free water, and plated on stainless steel planchets. The activity of the 
injected glucose was determined by converting it to the phenylosazone, 
which was washed with water by centrifugation and again crystallized 
from 50 per cent alcohol. Measurements of radioactivity were made in 
a windowless gas flow counter and corrections applied as described by 
Karnovsky et al. (7). The total COs collected during each period was 
determined by the Van Slyke technique (8). 

Before the hyperthyroid animals were used, their metabolic state was 
assessed by measuring their CO, production by the method developed by 
Claff, Sudak, and Stone (9). For this purpose a tall cylinder containing 
2.3 mmoles of Ba(OH), in 250 ml. of 4 per cent butanol in water was in- 
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verted in the metabolism train in place of the NaOH trap. The expired 
C(O, was drawn into the cylinder through a stainless steel filter at a flow 
rate of 2.8 to 4 liters per minute and the time required to titrate the 
Ba(OH )» was measured by means of thymolphthalein as indicator. 

The glucose-1-C' employed was purchased from the Nuclear-Chicago 
Corporation and the glucose-6-C"™ from the Volk Radiochemical Company. 


Results 


The hyperthyroid animals used in these experiments were producing 
(‘O, at a rate approximately twice that of the normal rats, as may be seen 
by the data presented in Table I. These data permit a comparison of the 
rate of CO, output of the various animals just before the injection of glu- 
cose, as measured by the Claff ef al. (9) indicator method, with the rate of 
C(O, output during the experiment as determined by the Van Slyke pro- 
cedure (8). The agreement of the values is satisfactory and shows that 
the indicator procedure provides a quick and simple method for deter- 
mining the metabolic rate. The greater fluctuation in the rate of CO, 
output of the hyperthyroid animals from one time period to another as 
compared to the normal reflects the more restless state of the hyperthy- 
roid animal during the experimental period. This restlessness, which is 
most noticeable during the first 30 minutes of the experiment, thus con- 
tributes to some extent to the increased metabolic rate observed in the 
hyperthyroid animals. 

Tables IL and IIT present the data obtained on the normal and hyper- 
thyroid rats, respectively. The most striking difference in the two sets 
of animals is seen in the results for the first 15 minute period of the ex- 
periment. In this period much more radioactive CO, appears in the air 
expired by the hyperthyroid rats than in the normal animals. This differ- 
ence is much more marked after the injection of glucose-1-C™ than of 
glucose-6-C™, In both cases, however, the amount is well above that 
which could be accounted for solely by the increased metabolic rate of 
the hyperthyroid animals. As the experiment progresses, this difference 
becomes less marked. This relationship is best seen by the data presented 
in Table IV and Fig. 1. In Table IV we have averaged the values for 
the normal and hyperthyroid animals and expressed the results in terms 
of the percentage of total injected radioactivity accounted for by the ex- 
pired COs in each period. Here it can be seen that, on the average, in 
the first 15 minute period 10 times as much radioactive COs is expired in 
the hyperthyroid rats as in the normal after injection of glucose-1-C™, 
After injection of glucose-6-C™, the corresponding value is about 5-fold. 
In later periods this difference between the hyperthyroid and normal ani- 
mal diminishes and becomes less than 2-fold for the 60 to 90 minute period. 
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Table IV also contains the values calculated for the ratio of radioactive 
CO, expired for each period from the two differently labeled glucoses. The 
ratio of radioactive CO, production from glucose-1-C" to that from glu- 
cose-6-C" is greater than unity in all periods studied and in both groups 
of animals. This ratio is highest during the first 15 minute period in both 


TABLE I 


Metabolic Rate of Normal and Hyperthyroid Rats Expressed as Micromoles 
of CO. per Minute per 100 Gm. of Rat 


| Van Slyke method 
Rat | pate Successive time periods 
0-15 15-30 30-60 60-90 Average 
Normal 1 | Mar. 18 65 66 75 60 67 
— 69 63 66 66 67 66 
2 ae 56 67 69 67 62 66 
Apr. 3 56 65 Ot 67 61 64 
3 “ 2 60 76 63 63 OA 64 
— 82 78 79 71 5A 70 
4 May 2 S4 77 78 75 73 76 
a 76 65 6S 67 72 6S 
70 68 64 71 68 
Average. .. 69 68 
Hyperthy- 1 Mar. 18 136 140 135 118 131 
roid ~ 139 102 144 115 OS 115 
2 — 120 139 146 137 122 136 
Apr. 3 165 (117 145 140 125 132 
3 ~ 162 148 137 120 110 129 
ae 131 120 147 118 112 124 
4 | May 2. 159 176 174 131 112 148 
“ 13) 150 127 120 115 111 118 
Average. . | 145 | | | 129 


groups of animals and particularly so in the hyperthyroid rats. As the 
experiment progresses, this ratio becomes more nearly constant and the 
same in both groups of animals, attaining a value in the range of 1.2 to 14. 

The rate of metabolism of the two differently labeled glucose molecules 
in the normal and hyperthyroid rats is best seen from the data plotted in 
Fig. 1. Here we have calculated the percentage of total injected radio- 
activity appearing per minute per 100 gm. of rat. The average values 


CO? Production by Normal Rats after Injection of 100 Mg. of Glucose-1-C™ or Glucose-6-C™ 
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given in Table 1V for each period have been used for this purpose and 


have been plotted as representing the values obtaining at the midpoint 
of the collection period. From this graph it is obvious that in the hyper- 


TaBie 
Average Percentage of Injected Glucose-1-C™ and Glucose-6-C™ Converted 
to Radioactive CO; per 100 Gm. Body Weight 
by Normal and Hyperthyroid Rats 


Normal Hyperthyroid Normal Hyperthyroid 
CA C4 C4 Ratio, Ratio, — 
0-15 0.062 0.033 0.58 0.15 1.88 3.87 
15-30 0.41 0.30 2.00 1.18 1.37 1.70 
30-60 1.82 1.36 4.73 3.57 1.34 1.33 
60-90 2.48 1.76 3.62 2.96 1.41 1.22 
> ISP 
HYPERTHYROID 
+ 
lO 
of NORMAL 
© .OS- 
xX C, GLUCOSE 
x 
O CgGLUCOSE - 
i) 30 60 90 
MINUTES 


Fic. 1. The rate of radioactive CO; expiration in normal and hyperthyroid rats 
after the injection of glucose-1-C™ and glucose-6-C™. The average radioactive CO, 
appearing per minute per 100 gm. of rat for each period is expressed in terms of the 
percentage of the total radioactivity injected as glucose. The value for each period 
is plotted as representative of the rate at the midpoint of each collection period. 


thyroid rat the peak rate of radioactive CO, expiration lies within the 
first 45 minutes after the injection of glucose. In the normal animal, on 
the other hand, this peak is not reached until a much later time. This 
relationship probably reflects not only a greater turnover rate of glucose 
in the hyperthyroid animal but also a diminished pool of glucose, its pre- 
cursors, and metabolites. 
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Calculations have been made of the percentage of the total radioactivity 
injected which has appeared at the end of the 90 minute period. In the 
case of the hyperthyroid rat the average figure is 35.3 per cent for glucose- 
1-C' and 17.8 per cent for glucose-6-C“. The corresponding figures for 
the normal animal are 25.2 and 13.4 per cent, respectively. 


DISCUSSION 


Glucose labeled with radioactive carbon in position 1 and in position 6 
has been employed by many investigators to differentiate between the 
two major pathways of glucose oxidation. The assumption is made in 
such studies that no difference will be noted in the rate at which carbon 1 
and carbon 6 are metabolized to CO: by the Embden-Meyerhof or gly- 
colytic cycle, whereas in the phosphogluconate pathway carbon 1 will be 
metabolized to CO: preferentially. In the light of our present knowledge 
this assumption seems reasonable, especially if the studies are limited to 
short time periods immediately after the injection of the labeled glucose. 
At any rate, we have adopted this assumption as the basis of the reasoning 
employed here. 

The data presented in this paper show that the injection of glucose-1-C" 
gives rise in all animals and in every time period to more radioactive CO, 
in the expired air than does glucose-6-C’. We interpret this to mean 
that the injected glucose is being metabolized by both pathways and that 
the increased amount of radioactive CO, expired after injection of glucose- 
1-C represents the contribution of the phosphogluconate pathway. The 
participation of this pathway of glucose oxidation is most clearly seen in 
the hyperthyroid rat during the first 15 minute period after the injection 
of glucose-1-C'*. There is a greatly increased outpouring of radioactive 
CO, in this period as compared with the normal animal or even with the 
same period in the hyperthyroid rat after the injection of glucose-6-C". 
The factors contributing to this unmasking of the phosphogluconate path- 
way in this first period are undoubtedly numerous. A diminished pool 
of glucose and its precursors in the hyperthyroid rat, coupled with the 
relatively few steps involved in the phosphogluconate pathway before CO; 
is released as compared to the glycolytic pathway, may be one explana- 
tion. An increase in the hyperthyroid rat of the activity of some of the 
enzymes involved in this pathway must also be considered. For example, 
Smith and Williams-Ashman (10) have reported that there is an increase 
in muscle glucokinase in hyperthyroid rats. Glock and McLean (3) have 
found an increase in the activity of both glucose 6-phosphate and 6-phos- 
phogluconate dehydrogenase in the liver of hyperthyroid rats. 

During the last three periods of the experiment the data show that the 
ratio of radioactive CO, expired after the injection of glucose 1-C" to 
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that expired after injecting glucose-6-C™ is approximately the same in the 
hyperthyroid animals as in the normal, and the value of this ratio is on 
the average 1.4. We interpret this to mean that the enhanced metabolic 
rate observed in the hyperthyroid rat reflects an approximately equal in- 
crease in the amounts of glucose being metabolized by the two pathways. 
This value for the ratio of radioactive CO, expired after the injection of 
glucose-1-C'* as compared with that expired after injection of glucose-6-C" 
is in good agreement with the value of 1.35 reported by Stahelin, Karnov- 
sky, Farnham, and Suter (11) for normal guinea pigs. If the assumption 
as to the source of this excess CO: after injection of glucose-1-C" is correct, 
then this signifies that in the whole animal a considerable portion of glu- 
cose is metabolized by the phosphogluconate pathway. Such a conclusion 
isin conflict with that of Bloom, Stetten, and Stetten (12). These workers 
compared the radioactive COz production in normal rats after the injection 
of glucose-U-C"4, glucose-1-C"™, lactate-1-C', 2-C', and 3-C'*. They con- 
cluded that the “present data yield little evidence for the occurrence of a 
pathway other than glycolysis for the utilization of glucose in the intact 
rat or in diaphragm.” 

Our results also do not agree with those of Glock, McLean, and White- 
head (4). These workers studied the radioactive CO, output from liver 
slices incubated with either glucose-6-C™ or glucose-1-C'%. They found 
no significant difference in the rate of production of radioactive CO, from 
glucose-1-C™ added to liver slices from hyperthyroid rats as compared to 
those from normal rats, though a marked difference occurred when glu- 
cose-6-C'4 was employed. These workers concluded that ‘‘in spite of in- 
creased activity of enzymes of the hexose monophosphate oxidative path- 
way in the hyperthyroid rat liver, the glycolytic pathway competes more 
effectively for available substrate.” 


SUMMARY 


A comparison of the total and radioactive CO, expired by normal and 
hyperthyroid rats after the injection of glucose-1-C' and glucose-6-C" has 
been made. In both groups of animals the ratio of radioactive CO» ex- 
pired after the injection of glucose-1-C' compared to that expired after 
injecting glucose-6-C"™ is greater than unity in all time periods studied. 
These findings are interpreted as indicating that the injected glucose is 
being metabolized by both the phosphogluconate and the glycolytic path- 
ways. Except for the first 15 minute period after the glucose injection, 
the value of the carbon 1 to carbon 6 ratio for the expired CO, was not 
significantly different in the normal and the hyperthyroid animals. It is 
concluded that the increased metabolic rate observed in the hyperthyroid 
rat reflects an approximately equal increase in the amounts of glucose 
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being metabolized by the phosphogluconate and the glycolytic path- 
ways. 
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INHIBITOR FROM MYCOBACTERIUM BUTYRICUM* 
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The diphosphopyridine nucleotidase exchange reaction, whereby isonico- 
tinic acid hydrazide can replace nicotinamide in the DPN! molecule, was 
demonstrated by Zatman ef al. (1). Since this reaction provided a possible 
explanation for the growth inhibition of Mycobacteria by isonicotinic acid 
hydrazide, methods for measuring DPN in Mycobacteria were investi- 
gited. It was found that acetone powder extracts treated with 5 per 
cent trichloroacetic acid yield DPN, although after the extracts in 0.1 m KCl 
were boiled to remove the protein, no DPN could be demonstrated to be 
present. 

Swartz, Kaplan, and Frech in this laboratory observed that boiled 
extracts of Proteus vulgaris would hydrolyze DPN at the pyrophosphate 
linkage but unboiled extracts were devoid of activity. They found further 
that the P. vulgaris system contained a heat-stable enzyme and a heat-labile 
inhibitor (2). 

Examination of an extract of Mycobacterium butyricum revealed that 
it contained a “heat-activated” enzyme which cleaves DPN at the nicotina- 
mide-ribose linkage as well as a heat-labile inhibitor of this reaction. 
These extracts also differed from the P. vulgaris extracts in having a much 
greater excess of free inhibitor over that combined with the enzyme. 

A preliminary report on the M. butyricum DPNase and its inhibitor 
has been presented (3). The purpose of this paper is to describe the 
characteristics of, and the reaction between, the partially purified DPNase 
and the inhibitor. 


* Contribution No. 210 of the MecCollum-Pratt Institute. Aided by grants from 
the American Cancer Society as recommended by the Committee on Growth of the 
National Research Council, the National Cancer Institute, National Institutes of 
Health (grant No. C-2374), and the National Science Foundation (grant No. G-2187). 

+ Postdoctoral Fellow, American Cancer Society. Present address, Washington 
University School of Medicine, Division of Dermatology, Department of Internal 
Medicine, St. Louis 10, Missouri. 

‘The following abbreviations will be used: DPN, diphosphopyridine nucleo- 
tide; TPN, triphosphopyridine nucleotide; AMP, adenylic acid; DPNase, diphos- 
phopyridine nucleotidase; EDTA, ethylenediaminetetraacetic acid; Tris, tris(hy- 
droxymethyl)aminomethane. 
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Materials 


DPN of 90 per cent purity was obtained from the Pabst Brewing Com- 
pany. Reduced DPN was prepared by enzymatic reduction (4) and 
TPN by enzymatic phosphorylation of DPN (5). Nicotinamide riboside, 
nicotinamide ribotide, and adenosine diphosphate ribose were prepared 
from DPN (6). The @ isomer of DPN was prepared from yeast (7), and 
the analogues of DPN were prepared by the procedures of Zatman et al. 
(8) and Kaplan and Ciotti (9). 

Adenylic acid deaminase was prepared from rabbit muscle (10), and 
snake venom pyrophosphatase by the procedure of Butler (11). The 
DPNase preparations from pig brain and Neurospora crassa were obtained 
by the procedures of Zatman ef al. (8) and Kaplan et al. (12), respectively. 
The DPNase of Bacillus subtilis and of Chromobacterium violaceum were 
present in boiled extracts prepared by sonic disintegration. The DPN 
pyrophosphatase of P. vulgaris was prepared by the procedure of Swartz 
et al. (2). 


Methods 


M. butyricum was grown in a medium described by Tabenkin et al. 
(13), or in a medium composed of 10 gm. of glucose, 5 gm. of yeast extract, 
and 5 gm. of peptone per liter and adjusted to pH 6.8. The cells were 
grown in 1 liter of medium in 2800 ml. Fernbach flasks, a 10 per cent inoc- 
ulum being used. After incubation at 38° for 72 hours, the cells were 
harvested in a Sharples centrifuge and washed twice with 0.9 per cent NaCl. 
The extraction and purification procedures are described below. 

Enzyme activity was measured in a reaction mixture containing 0.1 
ml. of DPN (6 uwmoles per ml.), 0.1 ml. of enzyme, 0.1 ml. of water, and 
0.2 ml. of 1.0 m phosphate buffer at pH 7.5. The reaction mixture was 
incubated at 37° for 7.5 minutes and the reaction terminated by the addi- 
tion of 3.5 ml. of 1.0 m cyanide. A control tube was inactivated with 
cyanide at zero time. <A unit of enzyme is that amount which causes the 
hydrolysis of 0.01 umole of DPN under these conditions. Protein was 
determined by the biuret reaction (14) or the spectrophotometric procedure 
of Warburg and Christian (15). 

The @ isomer of DPN and the ethyl nicotinate and N-monomethyl 
nicotinamide analogues of DPN were determined by the cyanide reaction 
(16). The acetyl pyridine analogue of DPN was determined by reduction 
with alcohol dehydrogenase (17). 


Results 


Effect of Heat and Acid—Intact cells of M. butyricum do not hydrolyze 
DPN. Fig. 1 shows that the crude extract, prepared by sonic disintegra- 
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tion, Was inactive and that maximal activity was reached after a 1 minute 
treatment in a boiling water bath. Even after 20 minutes some 60 per 
cent of the activity was retained. 

The crude extract was not activated when heated at 60° for 5 minutes. 
After 5 minutes at 70°, a preparation with activity nearly equal to that 
of a sample boiled for 1 minute was obtained. 

Incubation of the crude preparation adjusted to pH 0.8 at 37° also 
results in active enzyme. After 1 hour under these conditions, some 90 
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Fic. 1. Effect of heat. 1 ml. aliquots of the crude extract were incubated in a 
boiling water bath for the time shown and immediately cooled in an ice bath and 
tested for activity. The reaction mixtures contained 0.25 ml. of enzyme, 0.65 ml. 
of 0.2m Tris, pH 7.5, 0.4 ml. of H,O, and 0.2 ml. of DPN (15 umoles per ml.). After 
0 and 30 minutes at 37°, 0.3 ml. of the reaction mixture was added to 3.7 ml. of 1.0 
KCN. 


per cent of the activity is recovered when compared with that obtained 
after brief boiling of the neutral extract. 


Procedure for DPNase Purification 


Step 1. Preparation of Crude Extract—To each 2 gm. (wet weight) of 
cells were added 10 ml. of distilled water and the suspension was placed 
in a Raytheon sonic disintegrator at approximately 9.0 ke. for 0.5 hour. 
The resulting turbid solution served as the crude extract. The enzyme 
preparation can be stored in the frozen state at any stage of the purifica- 
tion procedure. 

Step 2. Boiling Procedure—To each 150 ml. of crude extract at room 
temperature 150 ml. of water and 15 ml. of 4 M NaCl were added. Aliquots 
of 50 ml. of the mixture in 250 ml. Erlenmeyer flasks were placed in a boil- 
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ing water bath for 2 minutes and immediately cooled in an ice bath. After 
being cooled and centrifuged (10 minutes at 15,000 X g), the clear super- 
natant fluid was saved. 

Step 3. Concentration and Dialysis Procedure—To each 100 ml. of super- 
natant fluid from Step 2, 56.1 gm. of solid (NH4).SO,4 were added. After 
centrifugation (15 minutes at 20,000 X g) the precipitate was dissolved 
in a minimal quantity of distilled water and dialyzed for 18 hours against 
6 liters of distilled H,O. 

Step 4. Ammonium Sulfate Fractionation Procedure—To each 10 ml. 
of the above solution were added 2.09 gm. of solid (NH,4)SO,. After 
centrifugation (10 minutes at 20,000 X g), the precipitate was discarded 
and to each 10 ml. of the supernatant fluid 1.64 gm. of solid (NH,)S0, 
were added. The supernatant fluid was discarded after centrifugation 


TABLE I 
DPNase Purification Procedure 
Step No. Volume Total protein Total units 
mil. meg 
1 150 2700 175, 200 64.9 
2 280 476 91,800 193 
3 35 215 70,300 327 
4 6 57 51,800 910 
5 13 7.1 21,100 2970 


(10 minutes at 20,000 * g) and the precipitate was dissolved in distilled 
water. 

Step 5. Calcium Phosphate Gel—To each 5 mg. of protein in the solution 
obtained from Step 4 were added 31 mg. (dry weight) of calcium phosphate 
gel. The supernatant fluid was saved after centrifugation (10 minutes 
at 10,000 X g). 

Table I shows the results of the purification procedure. 

Products of Enzyme Action—The evidence indicating that the products 
of the reaction are nicotinamide and adenosine diphosphate ribose is 
shown below. 

Chromatography of the products in 1:1 ethanol-acetic acid on What- 
man No. 4 paper yielded two ultraviolet light-absorbing areas with R, 
values of 0.79 and 0.90. Authentic adenosine diphosphate ribose and 
nicotinamide yielded Ry values of 0.80 and 0.89, respectively. 

The products of the reaction were separated on « Dowex 1 formate 
column. The water eluate showed an absorption at 260 my of 0.302 which 
upon acidification increased to 0.498. This agrees with the absorption 
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characteristics of nicotinamide in which E29 extinction values in water 
and acid are 2.85 and 5.02, respectively (18). 

The products of the reaction were tested with the specific adenylic acid 
deaminase and found to be free from AMP; the expected quantity of 
AMP was obtained only after preliminary treatment with snake venom 
pyrophosphatase. 

Properties of Enzyme—The enzyme has a broad pH optimum with the 
activity essentially unchanged between pH 5.0 and 8.0. Approximately 
50 per cent of the maximal activity is retained at pH 4.0 and 10.0. 

TPN was cleaved by this enzyme at three-fourths the rate of DPN 
although the a isomer of DPN and the ethyl nicotinate, monomethy] nico- 
tinamide, and acetyl pyridineanaloguesof DPN were not hydrolyzed. Nei- 
ther nicotinamide riboside nor nicotinamide ribotide was cleaved by the 
enzyme. Attempts to demonstrate the exchange reaction between the nic- 
otinamide moiety of DPN and isonicotinie acid hydrazide were unsuccess- 
ful. That the exchange reaction between free nicotinamide and the 
nicotinamide moiety of DPN is also absent is suggested by the lack of 
inhibition of the hydrolysis of DPN in the presence of 10~* m nicotinamide. 

Temperature Optimum—The enzyme exhibits maximal activity at 40° 
and is inactive when tested at temperatures of 60° or higher. Since the 
enzyme shows no loss in activity when heated at 100° and then tested in 
the usual system at 37°, it is clear that one is dealing here with a case of 
reversible denaturation by heat. 

Effect of Mixing Boiled Extract with Crude Extract—The crude extract 
is devoid of DPNase activity. When the crude extract is added to the 
boiled extract, an inhibition of the enzyme activity of the boiled extract 
results. The reaction between the DPNase inhibitor present in the crude 
extract and the DPNase present in the boiled extract can be conveniently 
studied by mixing experiments with these sources of both reactants. 

In Fig. 2, the inhibitor concentration was maintained constant and 
the enzyme concentration was varied. The broken line is a theoretical 
plot for an enzyme-inhibitor complex of relatively high dissociation con- 
stant. In such a case the per cent inhibition would be independent of 
the enzyme concentration. The solid curve, which is also theoretical, 
is drawn for an undissociable enzyme-inhibitor complex. The experimental 
points obtained by mixing the M. butyricum DPNase and its inhibitor fit 
the latter curve. 

In Fig. 3, two enzyme concentrations were chosen which differed by 
4-fold, and the effect of varying the amount of inhibitor added was deter- 
mined. For an undissociable enzyme-inhibitor complex, one should theo- 
retically obtain two straight lines which break sharply at 100 per cent 
inhibition and differ in slope by a factor of 4. The observed values, in 
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the range of enzyme excess, fall on straight lines with slopes differing 
by a factor of 3.4. In another experiment, a value of 4.5 was obtained, 
so that the deviation from the theoretical value of 4 cannot be regarded as 
significant. In the range of inhibitor excess, the observed values in this 
and other experiments have not deviated significantly from 100 per cent 
inhibition, the average deviation being approximately +3 per cent. 
These results strengthen the view that the enzyme-inhibitor complex is 
essentially undissociated. It can be calculated that the inhibitor is in 
12-fold excess over the enzyme in crude extracts, e.g., extrapolation of one 


PERCENT INHIBITION 


1 


2 4 6 8 10 
ml ENZYME x 102 


Fic. 2. Effect of varying enzyme concentration. The reaction mixture contained 
0.1 ml. of appropriate dilutions of enzyme (boiled extract), 0.1 ml. of 1:50 inhibitor 
(crude extract), and 0.2 ml. of 0.5 m Tris buffer, pH 7.5. After incubation at 25° 
for 15 minutes, 0.1 ml. of DPN (6 wmoles per ml.) was added to start the reaction. 
The incubation time varied from 7.5 minutes for the highest to 60 minutes for the 
lowest dilution of enzyme. The reaction was stopped with 3.5 ml. of m KCN and 
the optical density at 325 my determined. The per cent inhibition was calculated 
from control samples which did not contain inhibitor. 


of the lines to 100 per cent inhibition shows that 8.4 K 10~‘ ml. of extract 
contains inhibitor sufficient to neutralize the enzyme in 94 X 10~* ml. 

Inhibitor Unit—If the formation of an undissociable enzyme-inhibitor 
complex is assumed, the inhibitor unit can be defined in terms of the 
DPNase unit. A unit of inhibitor is defined as that amount which com- 
pletely inhibits the hydrolysis of 0.01 umole of DPN per 7.5 minutes in 
the DPNase assay system, i.e. 1 unit of inhibitor is that amount which 
neutralizes 1 unit of DPNase. 


Procedure for Inhibitor Purification 


Step 1. Preparation of Crude Extract—See “Procedure for DPNase pu- 
rification.”’ 
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Step 2. Aecidification—The crude extract M. butyricum was adjusted 
to pH_ 5.6 with 1.0 n HCl and the precipitate discarded after centrifugation 
(10 minutes at 15,000 X g). 

Step 3. Calcium Phosphate Gel—-To each 10 ml. of protein of the above 
supernatant fluid, 52 mg. (dry weight) of calcium phosphate gel were 
added. After centrifugation, the supernatant fluid contained approxi- 
mately 50 per cent of the inhibitor of the supernatant fluid from Step 2 
and was found to be free from DPNase activity when an aliquot was 
boiled for 1 minute in 0.2 m NaCl. The amount of caleitum phosphate 
gel required varied with different gel preparations. 
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Fic. 3. Effect of varying inhibitor concentrations. The procedure used in the 
assays was identical to that of Fig. 1 except for the use of a 15 minute assay period 
for all samples. 


Step 4. Ammonium Sulfate Precipitation—To each 100 mg. of super- 
natant fluid from Step 3, 56.1 gm. of solid ammonium sulfate were added 
and, after centrifugation (10 minutes at 20,000 xX g), the precipitate 
was dissolved in distilled water and centrifuged to remove insoluble 
material. 

As shown below, the purified inhibitor at this stage is heat-stable. To 
establish that this fraction was free from enzyme-inhibitor complex, an 
aliquot was boiled in 0.2 m NaCl for 5 minutes and found to be devoid of 
the inhibitor and DPNase. The crude extract treated in this manner 
contained DPNase activity almost equivalent to that found after 1 minute 
of boiling. The results of the purification procedure are shown in Table II. 

Rate of Formation of Enzyme-Inhibitor Complex—The enzyme and in- 
hibitor form the inactive complex at a measurable rate, as shown in Table 
Ill. Sinee Experiments 1 and 2 differ only in the length of the assay 
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period, the increased per cent inhibition of the sample that was not given 
a preliminary incubation in Experiment 2 over that of Experiment | 
indicates that the enzyme and inhibitor continued to combine during the 
course of the assay. 


TasLe II 
DPNase Inhibitor Purification Procedure 
Step No. Volume Total units Total protein mts - 
mil. me. 
1 55 536, 250 744 722 
2 49 444,000 533 S60 
3 22 222,000 27 8,240 
4 | 6 142,780 : 7 20, 200 
Taste 


Rate of Formation of Enzyme-Inhibitor Complez 


The reaction mixtures contained 0.1 ml. of enzyme (24.5 y of protein, 14-fold puri- 
fied) and 0.1 ml. of inhibitor (1.2 y of protein, 24-fold purified) in Experiments 1 
and 2. After preliminary incubation at 37° for the indicated time interval, 0.2 ml. 
of 0.5m phosphate buffer, pH 7.2, and 0.1 ml. of DPN (6 wmoles per ml.) were added 
immediately and the incubation at 37° was continued for the assay time interval 
shown. The reaction was stopped by the addition of 3.5 ml. of m KCN and the op- 
tical density at 325 mp determined. Per cent inhibition was calculated from control 
samples which did not receive inhibitor. Experiment 3, as Experiments | and 2, 
except for 163 y of enzyme protein and 8 y of inhibitor protein being used. 


Experiment No. Preliminary incubation Assay time Per cent inhibition 
min. min. 

1 0 5 20 

15 5 79 

2 0 15 47 

15 15 77 

3 0 2 59 

5 2 70 

15 2 69 


In Experiment 3, the enzyme and inhibitor concentrations were in- 
creased approximately six times over those used in Experiments 1 and 2. 
Under these conditions it appears that the time for completion of complex 
formation was much shorter, since the effect of the previous incubation 
was reduced despite a brief assay period. This is the expected result if 
the formation of the enzyme-inhibitor complex follows second order 
kinetics. 
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Properties of Inhibitor—Table IV shows that boiling the undiluted crude 
extract completely destroys the inhibitor. Excess inhibitor remained 
when the extract was diluted prior to boiling. In the presence of NaCl, 
boiling destroyed the inhibitor. The enzyme withstood boiling in the 
presence or absence of NaCl and appeared to be inactive only when the 
inhibitor was not destroyed. Experiments in which the crude extract 
was boiled at higher than 1:12 dilution yielded erratic results with re- 
covery of the inhibitor varying from zero to 100 per cent. The purified 
inhibitor was found to be essentially heat-stable even in the presence of 


Tasie IV 
Effect of Dilution and Sodium Chloride on Heat Stability of Inhibitor in Crude Extracts 


The reaction mixtures contained 0.3 ml. of 1:12 dilution of crude extract treated 
as shown, 0.1 ml. of 1.0m Tris buffer, pH 7.5, and 0.1 ml. of DPN (6 wmoles per ml.). 
After 15 minutes at 37°, 3.5 ml. of 1.0 a KCN were added and the optical density at 
325 mp was determined. The inhibitor assay system contained 0.1 ml. of enzyme 
(29 units), 0.1 ml. of crude extract treated as shown, 0.1 ml. of H,O, and 0.1 ml. of 
1.0m Tris buffer, pH 7.5. After 15 minutes of preliminary incubation, the reaction 
was started with 0.1 ml. of DPN (6 wmoles per ml.) and incubated for 15 minutes at 
37°. The reaction was terminated by the addition of 3.5 ml. of m KCN and the 
optical density at 325 my determined. 


Per J Per ome 
Boiled 1 minute, undiluted 100 0 
at 1:12 dilution 0 33 
©4819 boiled again for 0 
1 minute after adding NaCl (0.2 m) 
Boiled 1 minute at 1:12 dilution in NaCl (0.2 m) : 100 0 


NaCl; e.g., after being boiled for 1 minute in the presence of 0.1 m NaCl, 
85 per cent of the inhibitor was recovered. 

It was found that crystalline trypsin inactivated the inhibitor while 
crystalline lysozyme and ribonuclease had no effect. 

The M. butyricum inhibitor (220 units) did not inhibit 31 units of the 
DPNase from pig brain, N. crassa, B. subtilis, or C. violaceum. It also 
was not inhibitory for the DPN pyrophosphatase of P?. vulgaris. There 
was no inhibition of the enzymes of other species by the M. butyricum 
inhibitor even after 15 hours of preliminary incubation at 3° or 22°. 


DISCUSSION 


The M. butyricum DPNase has the characteristics of the N. crassa 
enzyme rather than the mammalian enzyme in that it is not inhibited by 
nicotinamide, it does not catalyze the nicotinamide exchange reaction, 
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it cleaves only DPN and TPN, and it has a broad pH optimum. Crude 
extracts of Mycobacterium tuberculosis 607 did not possess any DPN- 
hydrolyzing activity before or after boiling. In this organism, the DPN- 
hydrolyzing enzyme may be absent or may exist in a form not activated 
by heating. 

At present there is no direct evidence to support the view that iso- 
‘nicotinic acid hydrazide inhibits the growth of Mycobacteria by replacing 
the nicotinamide moiety of DPN in a DPNase-catalyzed reaction. 

All attempts to obtain other “heat-activated” enzymes in M. butyricum 
have been unsuccessful. This does not by any means indicate that the 
enzyme-inhibitor complexes for other activities are absent. At best 
the boiling procedure is an unsatisfactory screening method for such sys- 
tems, since it can detect only those systems in which there exists a heat- 
stable enzyme combined with a heat-labile inhibitor. 

The evidence that the DPNase inhibitor studied in this paper is a 
protein is as follows: it is non-dialyzable, is precipitated by ammonium 
sulfate, and is heat-labile under certain conditions and inactivated by 
trypsin. 

The reaction between the DPNase and its inhibitor is similar to that 
known for trypsin and its pancreatic inhibitor (19). In both reactions, the 
complex is essentially undissociable at neutral pH, and the rate of forma- 
tion of the complex is measurable. The trypsin-pancreatic inhibitor 
compound is reversibly dissociable at pH 1.0 and this also can be shown 
for the DPNase inhibitor by the following procedure. Incubation of 
the M. butyricum crude extract containing 0.1 N HCl for 1 hour at 37° 
yields active enzyme. If, after 1 hour, the extract is neutralized and 
incubated at 0°, an inactive preparation results and DPNase activity is 
found only after boiling. The inhibitor is specific and does not inhibit 
even the NV. crassa DPNase which is essentially identical to the M. butyricum 
DPNase in nearly all the characteristics examined. The pancreatic and 
soy bean trypsin inhibitors are not as specific since they react with chy- 
motrypsin, although at higher concentrations than those required for 
trypsin. 

The nature of the substance or substances which cause the heat lability 
of the inhibitor in crude extracts is not known. The effect of this sub- 
stance is diminished on dilution and can be replaced by NaCl. After 
purification of the inhibitor the substance responsible for the heat lability 
of the inhibitor is lost and has not been consistently replaceable with 
NaCl. 

Whether the DPNase and inhibitor exist as a complex within the cell 
or are brought together by cell rupture is not known. The only evidence 
bearing on this point is that whole cells do not cleave DPN. 
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work. 
SUMMARY 


1. A “heat- and acid-activated” diphosphopyridine nucleotidase (DPN - 
ase) from Mycobacterium butyricum has been partially purified and char- 
acterized. 

2. The absence of enzyme activity in the crude preparation is due to 
the presence of a heat-labile protein inhibitor which also has been partially 


purified. 

3. The inhibitor forms an essentially undissociable complex with the 
enzyme. The formation of the enzyme-inhibitor complex occurs at a 
measurable rate. 

4. The inhibitor is specific for the M. butyricum DPNase and does not 
react with the DPNase preparations from pig brain, Neurospora crassa, 
Chromobacterium violaceum, or Bacillus subtilis. 
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THE ENZYMATIC FORMATION OF LECITHIN FROM CYTIDINE 
DIPHOSPHATE CHOLINE AND p-1,2-DIGLYCERIDE* 
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Previous reports from this laboratory have described the function of 
cytidine coenzymes in the enzymatic synthesis of lecithin, phosphatidyl- 
ethanolamine, and sphingomyelin (1-3). The enzymatic synthesis of 
lecithin occurs by the following reactions: 


(1) Cyt-P-P-P + P-choline' = cyt-P-P-choline + P-P 
(2) Cyt-P-P-choline + p-1,2-diglyceride = lecithin + CMP 


A study of the enzyme (PC-cytidy] transferase) which catalyzes Reaction 
1 has already been published (4). The present paper will describe some 
properties of the enzyme (PC-glyceride transferase) which catalyzes 
Reaction 2. 


Materials and Methods 


The enzyme preparations used in this study consisted of particulate 
fractions from frozen chicken liver or fresh rat liver isolated from 0.25 m 
sucrose homogenates by a method already described (1). These prepara- 
tions contained both mitochondria and microsomes. The enzyme was 
suspended in 0.02 m Tris buffer of pH 8.0 containing 0.001 m V¢rsene in a 
concentration of 20 to 40 mg. per ml. and could be stored in the/deep freeze 
for several weeks without loss of activity. Occasional preparations could 
be greatly increased in activity by thorough dialysis against the Tris- 
Versene buffer. This effect is probably due to the removal of calcium 
ions, Which are extremely inhibitory to the enzyme. 

p-1 ,2-Diglyceride was obtained from egg lecithin by the action of 
the lecithinase D of Clostridium perfringens toxin (5) which was the gift 


* Aided by grants from the Nutrition Foundation, Inc., the Life Insurance Medical 
Research Fund, and the National Institute of Neurological Diseases and Blindness, 
United States Public Health Service (Grant B-1199). 

t Postdoctoral Fellow of the American Heart Association. Present address, 
The Rockefeller Institute for Medical Research, New York. 

The following abbreviations are used in this paper: phosphorylcholine = P- 
choline = PC; tris(hydroxymethyl)aminomethane = Tris; cytidine diphosphate 
choline = cyt-P-P-choline = CDP-choline; cytidine 5’-monophosphate = CMP = 
cyt-P; inorganic pyrophosphate = P-P. 
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of the Lederle Laboratories Division, American Cyanamid Company. The 
authors are indebted to Dr. D. Hanahan for a generous gift of p-1,2- 
dipalmitolein obtained by a similar procedure from yeast lecithin. Phos- 
phatidic acid was prepared from the same egg lecithin as previously de- 
scribed (6). 

“Tween 20” (polyoxyethylene sorbitan monolaurate) was a gift of the 
Atlas Powder Company. 

The extraction and counting of labeled lecithin from the enzyme system 
were carried out as follows: At the end of the incubation period, 3.0 ml. of 
ethanol were added to the enzyme system, the volume of which was usually 
0.50 or 1.0 ml. The contents of each tube were then thoroughly extracted 
with the aid of a stirring rod blown out at the end to a bulb closely fitting 
the diameter of the tubes. The residue was removed by centrifugation 
and extracted three times more with 3 ml. volumes of ethanol. To the 
combined extracts in a glass-stoppered Maizel-Gerson vessel, 5.0 ml. of 
carbon tetrachloride were added, and the contents of each vessel were 
thoroughly mixed. 20 ml. of 2m KCl were added to each vessel, which was 
then inverted about 100 times. KCl was used in the aqueous phase to 
minimize emulsification. The upper, aqueous phase was removed by means 
of a capillary pipette and discarded. The extraction with 2 m KCl was 
repeated three times, after which each tube was finally extracted with 20 
ml. of water. During these extractions, the ethanol passed into the 2.0 
m KCl phase and was removed. Aliquots of the carbon tetrachloride 
phase were plated in aluminum cups, dried, and counted in a gas flow 
counter under conditions of negligible self-absorption. The results are 
given as millimicromoles of radioactive lecithin synthesized and are cal- 
culated by dividing the total counts in the lecithin fraction by the specific 
activity of the CDP-choline added. The values given are the averages of 
duplicates, which usually agreed within 10 per cent. 

Preparation of P**-Labeled CM P—\ mc. of carrier-free P® was evaporated 
to dryness in a heavy walled test tube in an oven at 100° overnight. To 
the tube, 0.15 ml. of 85 per cent phosphoric acid and 210 mg. of P2Os5 were 
added and thoroughly mixed. The tube was then tightly stoppered and 
suspended in a bath at 45°. After the contents of the tube had reached 
the temperature of the bath, 20 mg. of cytidine were added to the reaction 
mixture. The sticky mass was kept at 45° for 1 hour. The reaction was 
stopped by the addition of 2 ml. of water, and the tube was then placed 
in a boiling water bath for 30 minutes, with occasional stirring. After 
cooling, 10 ml. of water were added, and the solution was passed over a 
small column containing a bed of 200 mg. of Norit A charcoal mixed with 
500 mg. of Celite. After washing the column with several portions of 
distilled water, the nucleotide material was removed by washing the column 
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with a total of 50 ml. of a solution of 0.5 per cent concentrated ammonia in 
50 per cent ethanol. The ammoniacal ethanol washings were diluted to 
200 ml. with distilled water and passed over a column of Dowex | for- 
mate and eluted with a gradient elution system, with 0.04 nN formic acid 
in the upper reservoir as previously described (1). The P®-labeled cytidine 
5’/-phosphate emerged from the column first, followed by the 2’ and 3’ 
isomers. The peak containing the 5’ isomer was identified with the aid 
of the specific 5’-nucleotidase of Crotalus adamanteus venom. The over-all 
yield of the desired 5’ isomer was about 30 per cent, based on cytidine. 
Labeled cyt-P®-P-choline was prepared from the labeled CMP by the 
method of Kennedy (2) which was also used for the preparation of CDP- 


Tasie I 
Requirement for 1,2-Diglyceride 


Additions (1 ymole each) | Radioactive lecithin synthesized 
myumoles 


Each tube contained 8 wmoles of MgCl:, 4 uwmoles of cysteine, 25 wmoles of Tris 
buffer of pH 7.4, 0.50 ymole of CDP-choline labeled with choline-1,2-C'* (15,000 
counts per gmole), 0.5 mg. of Tween 20, and 0.10 ml. of a suspension of rat liver 
particles in a final volume of 0.50 ml. Various lipides emulsified in the Tween 20 
were added as shown. The tubes were incubated at 37° for 1 hour. The p-1,2-di- 
glveeride and phosphatidie acid were prepared from egg lecithin as described in the 
text. 


choline labeled with choline-1,2-C™. Other materials and methods have 
been previously described (1). 


EXPERIMENTAL 


Requirement for 1,2-Diglycerides—The addition of 1,2-diglycerides 
emulsified in a non-ionic detergent is necessary for the maximal synthesis of 
lecithin from CDP-choline catalyzed by PC-glyceride transferase (1). 
Lecithin, phosphatidic acid, or corn oil cannot be substituted for the 1 ,2- 
diglyceride (Table I). Phosphatidice acids, in the absence of magnesium 
ions, may be dephosphorylated by the action of phosphatidic acid phos- 
phatase (6) to yield p-1 ,2-diglyceride, which then may act as a precursor 
for lecithin. 

Effect of Varying Amounts of p-1 ,2-Diglyceride—An experiment in which 
varying amounts of diglyceride were added in the presence of a constant 
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amount of Tween 20 is shown in Fig. 1. There was no indication of 
saturation even when 4 umoles of diglyceride were added to the 1.0 ml. 
system, but it must be realized that the diglyceride is not in true solution 
but merely dispersed. Since high concentrations of Tween 20 are inhibi- 
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Fic. 1. The effect of varying amounts of p-1,2-diglyceride on lecithin synthesis. 
Each tube contained 20 wmoles of MgCle, 10 umoles of cysteine, 1.5 wymoles of CDP- 
choline-1,2-C™ (14,500 counts per umole), 2 mg. of Tween 20, and 0.2 ml. of a suspen- 
sion of chicken liver particles in a total volume of 1.0 ml. The amounts of p-1,2- 
diglyceride (added as an emulsion in 1 per cent Tween 20) were varied as indicated. 
The tubes were incubated at 37° for 2 hours. 

Fia. 2. The effect of concentration of Tween 20 on lecithin synthesis. Each tube 
contained 1.0 umole of p-1,2-diglyceride, 8 ymoles of MgCls, 4 uwmoles of cysteine, 20 
pmoles of Tris buffer of pH 7.4, 0.75 wymole of CDP-choline-1,2-C™ (14,500 counts per 
pmole), and 0.1 ml. of chicken liver particles in a final volume of 0.50 ml. The con- 
centration of Tween 20 was varied as shown. The incubation was for 1 hour at 37°. 


tory to the enzyme system, and since the diglyceride must be added as an 
emulsion in Tween 20, it is not practical to add larger amounts of diglyc- 
eride without encountering severe inhibition caused by the Tween 20. 
Effects of Tween 20 Concentration—An experiment in which the diglyc- 
eride concentration was held constant and the Tween 20 concentration 
varied is shown in Fig. 2. The addition of Tween 20 beyond the level of 
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1 mg. per ml., the lowest concentration tested, is seen to be distinctly 
inhibitory. For this reason, concentrations of Tween 20 higher than 2 
mg. per ml. were avoided in subsequent work. 

Enzymatic Net Synthesis of Lecithin—Previous experiments on the 
enzymatic synthesis of phospholipides have required the use of the isotope 
tracer method, since the amounts of newly synthesized phospholipide were 
too small to be detected by ordinary chemical methods. With the finding 
that p-1,2-diglycerides when properly emulsified with Tween 20 greatly 
stimulate the synthesis of lecithin, it became possible to demonstrate a 
chemically measurable net synthesis of phospholipide in the isolated en- 
zyme system. Such an experiment is shown in Table II. The total 
amount of phospholipide is approximately doubled during the course of 


TABLE II 
Enzymatic Net Synthesis of Lecithin 


Additions Lipide P lipide P 
patoms patoms 
CDP-choline................. 1.23 0.04 960 
p-1,2-Diglyceride............ 1.17 0 
CDP-choline + p-1,2-diglyc- 


Each tube contained 20 ymoles of MgCl:, 10 umoles of cysteine, 40 wmoles of Tris 
buffer of pH 7.4, 2 mg. of Tween 20, and 0.2 ml. of chicken liver particles in a final 
volume of 1.0 ml. 3 wmoles of CDP-choline-1,2-C™ (14,000 counts per wmole) and 
4 wmoles of p-1,2-diglyceride were added where indicated. The tubes were incu- 
bated at 37° for 2 hours. 


the incubation. Synthesis falls to a low level if diglyceride is omitted, 
and no synthesis occurs if the CDP-choline is omitted. The incorporation 
of radioactive choline from the labeled CDP-choline amounts to 0.96 
umole, in satisfactory agreement with the net increase of 1.06 uwmoles of 
lipide P. 

These results eliminate the possibility that the enzyme system merely 
catalyzes an exchange reaction rather than a net synthesis of phospholipide. 

Identification of CMP As Product of Reaction—CMP was identified 
as the product of the PC-glyceride transferase reaction in the following 
experiment, in which cyt-P®-P-choline was used as an isotope tracer. 
To each of eight tubes were added 10 umoles of MgCl, 75 umoles of Tris 
buffer of pH 7.4, 10 wmoles of cysteine, 30 wmoles of KF, 0.1 umole of 
cyt-P®-P-choline of specific activity of 178,000 counts per pmole, 0.50 
umole each of unlabeled CMP, CDP, and CTP as earrier, and 0.3 ml. of a 
10 per cent suspension of lyophilized rat liver particles in a final volume of 
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1.0 ml. CDP-choline labeled with choline-1 ,2-C™ was substituted for the 
cyt-P®-P-choline in two control tubes which were otherwise identical. 
The tubes were incubated for only 6 minutes at 37°, and analysis of the 
control tubes showed a conversion of 16.5 mumoles of CDP-choline to 
lecithin per tube. The eight tubes containing the cyt-P®-P-choline were 
each treated with 2 ml. of ethanol, and the contents were pooled. The 
precipitate was removed by centrifugation and washed twice with 20 ml. 
portions of 66 per cent ethanol. The combined extracts were clarified by 


soo, 


10 14 18 22 (0) 
TUBE NUMBER 


Fic. 3. Chromatogram of the reaction products obtained with cyt-P*?-P-choline 
as tracer. Fractions 10 to 16 contain CDP-choline + CMP; Fractions 18 to 24 con- 
tain CDP; Fractions 27 to 33 contain CTP. The experimental details are given in 
the text. 


extraction with an equal volume of ether. Traces of ether were removed 
from the aqueous phase by warming under a current of air, and the extract 
was chromatographed on a column of Dowex 1 formate (2 per cent cross- 
linked) 15 cm. in length and about 1.5 em. in diameter. A system of 
gradient elution (1) was used with a 300 ml. mixing chamber initially filled 
with distilled water and 3 N formic acid adjusted to pH 3.75 with con- 
centrated ammonia in the upper reservoir. Fractions of approximately 
5 ml. each were taken with an automatic fraction collector and analyzed for 
radioactivity and cytidine nucleotides (1) with the results shown in Fig. 3. 

Fractions 10 to 16 contained a total of 5.4 umoles of cytidine nucleotide 
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and a total radioactivity of 125,000 counts. This band contained a mixture 
of CMP and CDP-choline. Fractions 18 to 24 contained 3.9 umoles of 
CDP and no significant radioactivity. Fractions 27 to 33 contained 0.8 
umole of CTP with no significant radioactivity. 

The material in Tubes 10 to 16 was lyophilized to remove ammonium 
formate and rechromatographed with 0.04 N formic acid in the upper 
reservoir, a system known to separate CDP-choline and CMP (2). A 
total of 3.6 uwmoles of CMP containing 41,000 counts was recovered well 
separated from CDP-choline. The CDP-choline fraction contained 0.56 
umole with a total radioactivity of 42,000 counts, indicating a specific 
activity of 75,000 counts per umole in contrast with a specific activity of 
178,000 counts for the cyt-P®-P-choline originally added. 

These results rule out the possibility that CDP or CTP could be a pri- 
mary product of the reaction by a mechanism more complex than that 
shown in Reaction 2 and indicate that CMP is in fact produced. 

Reversibility of Lecithin Synthesis—In the experiment described in the 
preceding section, the cyt-P*-P-choline recovered after incubation in 
the presence of unlabeled CMP and enzyme was found to have a specific 
activity of only 42 per cent of the starting material. These results, which 
were also observed in several other experiments of the same kind, suggested 
that the synthesis of lecithin by Reaction 2 is reversible. The unlabeled 
CMP, reacting with endogenous lecithin in the back-reaction, forms un- 
labeled CDP-choline, thus diluting out the labeled material added initially. 
To obtain further evidence on this point, the following experiment was 
performed. ‘To each of five tubes were added 10 uwmoles of MgCl, 75 
umoles of Tris buffer of pH 7.4, 8 uwmoles of cysteine, 30 uwmoles of KF, 
0.2 umole of CMP labeled with P® (specific activity 260,000 counts per 
umole), 0.1 umole of unlabeled CDP-choline, and 0.3 ml. of a 10 per cent 
suspension of rat liver particles in a final volume of 1.0 ml. The tubes 
were incubated at 37° for 20 minutes, combined, and extracted with 66 
per cent ethanol as described above. 2 wmoles of unlabeled CMP and 1 
umole of unlabeled CDP-choline were added to the combined extract 
which was then chromatographed on Dowex 1 formate with 0.04 N formic 
acid in the upper reservoir (1). The results are shown in Fig. 4. A total 
of 52,200 counts was recovered in the CDP-choline fraction (Tubes 26 to 
30) clearly separated from the CMP® (Tubes 31 to 38). 

To rule out the possibility that the labeled CMP had somehow been 
converted to CTP, and then had reacted with endogenous P-choline to 
form labeled CDP-choline, a control experiment was performed under 
identical conditions, but with P*®-labeled P-choline and unlabeled CMP. 
No incorporation of radioactivity into CDP-choline could be detected. 

More direct evidence for the participation of lecithin in the back-reaction 
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was obtained in an experiment with lecithin labeled with choline-1 ,2-C", 
The labeled lecithin was prepared by previous incubation of CDP-choline 
with p-1,2-diglyceride from egg lecithin in the presence of chicken liver 
particles. The labeled phospholipide containing a total of 7000 counts 
in approximately 0.5 mg. of lecithin was suspended in 0.4 ml. of Tween 20 
and added to a system containing 40 ymoles of MgCl,, 20 umoles of cysteine, 
100 uwmoles of Tris buffer of pH 7.4, and 0.4 ml. of a suspension of chicken 
liver particles in a final volume of 2.0 ml. 2.0 wmoles of unlabeled CMP 
were added, and the tubes were incubated at 37°. After 20 minutes, a 


OPTICAL DENSITY 


26 30 34 38 42 
TUBE NUMBER 


Fic. 4. Conversion of P*?-labeled CMP to CDP-choline by reversal of lecithin 
synthesis. The radioactive CDP-choline appears in Fractions 26 to 30. The ex- 
perimental details are given in the text. 


further 2.0 ymoles of CMP were added, and the incubation was prolonged 
for 20 minutes more. The reaction was stopped by the addition of ethanol 
as described above, and the extracts were chromatographed on Dowex 1 
formate with the 0.04 N formic acid system, without the addition of carrier 
CDP-choline. Approximately 0.1 umole of CDP-choline was found in the 
expected position in the chromatogram, with a total radioactivity of 220 
counts. There thus was a small, but definite, net synthesis of CDP- 
choline from CMP and labeled lecithin. A control experiment was carried 
out in exactly the same fashion, but with no CMP added. No radioactivity 
and no CDP-choline appeared in the expected position in the chromato- 
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Effect of CDP-Choline Concentration—When the concentration of CDP- 
choline was varied over a 10-fold range, the enzyme system was found to be 


40, 
Seg 
CDP-CHOLINE ( ML.) 


Fic. 5. Effect of CDP-choline concentration on lecithin synthesis. Lach tube 
contained 50 wmoles of Tris buffer of pH 7.4, 10 umoles of MgCl2, 2 wmoles of p-1,2- 
dipalmitolein, 1.0 mg. of Tween 20, and 0.10 ml. of chicken liver particles in a final 
volume of 1.0 ml. The concentration of CDP-choline-1,2-C™ (15,000 counts per 
umole) was varied as shown. The tubes were incubated for 1 hour at 37°. 
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60 
TIME (MIN.) 
Fic. 6. Time-course of lecithin synthesis. The experimental conditions were as 
shown in Fig. 2, except that the Tween 20 concentration was held constant at 2.0 
mg. per ml., while the time of incubation at 37° was varied as shown. 
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saturated at about 5 X 10-4 m CDP-choline, while concentrations of about 
1.3 X 10-4 led to synthesis of lecithin at half the maximal rate (Fig. 5). 


TABLE III 
Effect of Temperature 
Temperature of incubation Radioactive lecithin synthesized 
"Cc. myumoles 
25 44 
35 160 
45 209 
55 157 


The experimental conditions were the same as those in Table I, except that each 
tube contained 2 uwmoles of p-1,2-diglyceride and 1 mg. of Tween 20. The tubes were 
incubated for 40 minutes at the various temperatures shown. 
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LECITHIN SYNTHESIZED (msMOLES) 
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pH 


Fic. 7. Activity of phosphorylcholine-glyceride transferase as a function of pH. 
tube contained 10 wmoles of MgClz, 2 umoles of p-1,2-diglyceride, 0.50 umole of 
CDP-choline-1,2-C™ (15,000 counts per umole), 1 mg. of Tween 20, and 0.10 ml. of 
suspension of chicken liver particles in a final volume of 0.50 ml. The pH values 
shown were measured with the glass electrode after the addition of all the com- 
ponents, including the enzyme, just before incubation. Each tube contained either 
50 umoles of Tris buffer (@ ) or 25 umoles of phosphate + 25 umoles of Tris (X). The 
tubes were incubated at 37° for 30 minutes. 


Time-Course of Lecithin Synthesis—The PC-glyceride transferase cata- 
lyzes the synthesis of lecithin at a linear rate for at least 1 hour at 37° 
(Fig. 6). In the 2nd hour, the rate falls off. 

Effect of Temperature—Since the activity of the enzyme appears to be 
limited by the amount of diglyceride which can penetrate to the enzyme 
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surface, the effect of temperature upon the reaction was studied, upon the 
assumption that higher temperatures would promote emulsification of the 
diglyceride. The results are shown in Table III. Increasing the tempera- 
ture up to 45° markedly enhances the activity; at higher temperatures the 
enzyme is inhibited. This effect is probably due in part to increased solu- 
bility of the glyceride as well as the expected rise in reaction rate. 

Optimal pH—With an equimolar mixture of Tris and phosphate as 
buffer, the chicken liver enzyme is active over a broad range of pH with an 
optimum at about pH 8.6 (Fig. 7). With Tris buffer only, the optimum 
at pH 8.6 is not discernible. 

Inhibition by Calcium Ion—The PC-glyceride transferase is markedly 
inhibited by low concentrations of calcium or barium ions (1). Concen- 
trations of calcium ion of 2 X 10-* m lead to approximately 50 per cent 
inhibition, while a concentration of 10- m inhibits completely, even in the 
presence of optimal amounts of magnesium ion. 

Other Properties—The high degree of specificity of the PC-glyceride 
transferase for CDP-choline, the requirement for divalent cations, and the 
identification of the labeled product as lecithin have been reported in a 
previous communication (1). 


DISCUSSION 


Naturally occurring compounds containing a monophosphate diester 
linkage are confined to phospholipides and nucleic acids, with a few rare 
exceptions. Considerable information is now available concerning the 
enzymatic synthesis of polynucleotides closely resembling ribonucleic acid 
(7) and deoxyribonucleic acid (8), and it is of interest to compare the 
mechanism of the enzymatic synthesis of the monophosphate diester 
linkage in these compounds with the phosphorylcholine-glyceride trans- 
ferase reaction described in this paper 


(3) Choline-P-P-cyt + ROH = choline-P-O-R + cyt-P 
(4) Adenosine-P-P + R’OH = adenosine-P-O-R’ + P 
(5) Deoxyadenosine-P-P-P + R’’OH = deoxyadenosine-P-O-R” + P-P 


Although superficially the three reactions might appear to be quite 
different, in each case a substituted pyrophosphate is involved, and cleavage 
of the pyrophosphate linkage occurs with transfer of a phosphorylated 
residue as an intact unit to a free hydroxyl group. The most striking 
difference is that in Reaction 4 a singly substituted pyrophosphate is the 
reactive intermediate, while in Reactions 3 and 5 disubstituted pyro- 
phosphates are required. In the case of Reaction 3 at least, the enzyme is 
highly specific for this second substituent, which must be a cytidine residue 
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It is noteworthy that all three reactions are rather easily reversible, 
The “‘cytidylolysis” of lecithin yields CDP-choline, which may then react 
with inorganic pyrophosphate in Reaction 1 to form CTP, with a net gain 
of one “‘energy-rich” bond. In theory at least, the breakdown of glye- 
erophosphatides by this pathway may be regarded as a source of energy 
for the cell, but there is no information as yet available as to the importance 
of such a reaction sequence in vivo. 

p-1,2-Diglycerides have also been shown to act as precursors of tri- 
glycerides (9) as well as of phospholipides. The reversal of the PC- 
glyceride transferase reaction may thus lead also to an equilibration of 
triglycerides and phospholipides over the 1 ,2-diglyceride as a common 
intermediate. | 


SUMMARY 


The enzyme phosphorylcholine-glyceride transferase catalyzes the 
reaction cyt-P-P-choline + p-1 ,2-diglyceride = lecithin + CMP. 

The properties of this enzyme as found in particulate preparations from 
chicken liver and rat liver are described. 
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THE ISOLATION AND CRYSTALLIZATION OF RABBIT 
SKELETAL MUSCLE PHOSPHORYLASE b* 


By EDMOND H. FISCHER ann EDWIN G. KREBS 


(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, September 16, 1957) 


In a previous publication (1) it was found that phosphorylase extracted 
from excised rabbit skeletal muscle is largely in the form of phosphorylase 
b, rather than being present mainly as phosphorylase a, as had been re- 
ported earlier by Cori (2). This phosphorylase b could be readily converted 
to phosphorylase a upon addition of divalent metal ions to the crude ex- 
tracts,! and it was shown that filtration of extracts through paper intro- 
duced sufficient metals to effect such a conversion. As this latter procedure 
is employed in the method of Green and Cori (5) for the preparation of 
phosphorylase a from rabbit muscle, it is likely that that form of the enzyme 
was obtained at least in part as a result of a transformation of phosphory- 
lase b to phosphorylase a in vitro. 

In this paper a method is described for the direct isolation and crystal- 
lization of phosphorylase b from rabbit muscle. The conditions for extrac- 
tion of the muscle prevent any conversion of phosphorylase b to a in vitro, 
but instead favor the reversal of this reaction, so that all of the enzyme is 
obtained in the b form. Crystallization is achieved by addition of Mgt+ 
ions and AMP? to the purified enzyme. The final product is homogeneous 
on electrophoresis and ultracentrifugation and is essentially free of enzyme 
contaminants. Conversion of the enzyme to phosphorylase a is described 
in the accompanying paper (6). 


EXPERIMENTAL 


Preparation of Extracts—A large rabbit is anesthetized by the intravenous 
injection of sodium pentobarbital’ solution, and the blood is drained from 


* Supported in part by the Initiative 171 Research Fund of the State of Washing- 
ton and by a research grant (A-859) from the National Institutes of Health, United 
States Public Health Service. 

1 In addition to the requirement for metal ions, ATP is also necessary in the phos- 
phorylase b to a reaction (3, 4); this component is ordinarily present at appreciable 
concentrations in fresh muscle extracts made in the cold. 

? The abbreviations used inthis paper are as follows: ATP, adenosine triphosphate; 
AMP, adenosine 5’-phosphate; Tris, tris(hydroxymethyl)aminomethane; EDTA, 
ethvlenediaminetetraacetate. 

3 Approximately 4 to 5 ml. of Abbot’s Veterinary Nembutal Sodium, 60 mg. per 
ml., are used for a rabbit weighing 3 to 4 kilos. 
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the jugular veins. The muscles from the hind legs and back are excised, 
weighed, and ground finely in an ordinary meat grinder at room tempera- 
ture (25°). To each 500 gm. portion of ground muscle, 500 ml. of distilled 
water (25°) are added; the mixture is stirred for 5 minutes and then filtered 
through two thicknesses of cheesecloth into a beaker cooled in ice. A 
comparatively small volume of filtrate is obtained in this first extraction! 
The muscle is reextracted with a second 500 ml. portion of water for 10 
minutes at 25° and again filtered through the cloth. <A third extraction 
of the now pale muscle pulp with a 250 ml. portion of water is carried out. 
All extracts are combined and filtered through glass wool to remove some 
of the particles and fat. 

Dialysis and Acid Precipitation of Contaminating Proteins—The extract 
is dialyzed® against 20 liters of distilled water at 3° for 33 hours. The 
turbid dialyzed solution is collected and adjusted to pH 5.9 by careful 
addition of 0.05 n HCl with stirring. The turbidity increases, and usually 
a definite flocculation occurs. After standing for 5 to 10 minutes in the 
cold, the mixture is centrifuged® at 1400 X g for 60 minutes at 3° by using 
600 ml. cups in the International PR-2 centrifuge. The supernatant solu- 
tion is filtered through a large fluted paper to remove traces of suspended 
material that may remain, and the pH is adjusted to 6.8 by the addition 
of solid KHCQs3. 

Ammonium Sulfate Precipitation—The filtered solution is brought to 
0.41 saturation with ammonium sulfate by the addition of 700 ml. of the 
saturated (25°) solution at pH 6.8 per liter. The mixture is allowed to 
stand at 3° overnight, after which most of the clear supernatant solution 
can be withdrawn. The precipitate that remains is collected by centrifu- 
gation at 3° by using the Servall angle centrifuge (model SS-1) and is 
dissolved in 25 to 30 ml. of water. This solution is dialyzed overnight at 
3° against 2 liters of 0.001 m Tris buffer at pH 7.5. 

Heat Treatment at High pH—The following components are added to the 
dialyzed protein solution: (1) sufficient freshly neutralized 0.3 mM cysteine 
to give a final molarity of 0.03, (2) neutral 0.1m EDTA to give a final 
molarity of 5 X 10-4, (3) 2M non-neutralized Tris to bring the pH to 88. 
The mixture is incubated at 37° for 1 hour and then adjusted to pH 7 with 
1.0 Nn acetic acid. If appreciable turbidity has developed, the solution is 
centrifuged and the precipitate is discarded. 

Crystallization—To the solution are added 1/100th volume each of 
neutral 0.1 mM AMP and 1.0m magnesium acetate solutions, and the mix- 
ture is cooled to 0°. Within a short time (usually 10 minutes to 2 hours) 


4 Gentle squeezing of the cheesecloth bag at the end of each extraction is advisable. 

§ Cellulose casings (Visking Corporation, 43 inch NoJax) are used. 

6 The precipitate removed at this step can be used for the preparation of the phos- 
phorylase 6 to phosphorylase a-converting enzyme (4). 
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erystallization of phosphorylase b commences and continues to a maximum 
that is reached within 6 hours. For recrystallization the suspension is 
centrifuged at 0°, and the protein is dissolved’ at 30° in 25 to 30 ml. of 
neutral 0.03 Mm cysteine. AMP and magnesium acetate are again added 
to final molarities of 1 K 10-* and 1 10°? M, respectively, for these com- 
ponents. On cooling, crystallization occurs rapidly. Usually the recrys- 
tallization procedure is repeated several times. 

Table I shows a summary of the purification procedure for a typical 
preparation of phosphorylase b. There is an appreciable loss of total 
activity in the early steps that has not been explained. The specific activ- 
ity increases by approximately 50 per cent in the first crystallization and 
levels off on recrystallization. Several recrystallizations are usually carried 


TaBLeE 
Purification and Crystallization of Phosphorylase b 


| | Specific | Total 


Fraction | Volume Protein activity® | activity 
| ml. mg. per ml.  wunils per mg. per cent 
Extract from 600 gm. musele...........| 1380 29 70 
Ammonium sulfate ppt................. 36 38 | 1150 | 56 
2nd 23 | 27 «1550 | 34 
3rd ly 22 | 27 | 1580 | 33 


* Phosphorylase activities were determined in the presence of AMP as described 
by Illingworth and Cori (7). Measurements on the crude extract were performed 
at pH 6 and corrected for comparison with activities measured at pH 6.8 for other 
fractions. 


out, and by the third crystallization the activity in the supernatant solu- 
tion is approximately equal to that of the crystals (not illustrated). Fig. 
| shows the appearance of the crystalline enzyme; sometimes the crystals 
are arranged as clusters of needles or rosettes rather than as the rod-like 
forms shown here. There is no amorphous background material. 

Removal of AMP from Crystalline Phosphorylase b—When activity tests 
are carried out on phosphorylase b preparations, the AMP present in the 
crystalline suspension is in a too low concentration to activate the enzyme 
appreciably at the high dilutions employed in these tests.’ For some uses, 

7 Some insoluble hexagonal cystine crystals that will not go into solution may be 
present (Fig. 1). These can be removed by centrifugation at room temperature 
after the protein has been dissolved. 

‘ Activity tests are performed at a 1000- to 2000-fold dilution of the erystalline en- 
zyme suspension, so that the concentration of AMP in the test reaction mixtures is 
only 1 X 10-* m or less owing to nucleotide carried over from the stock enzyme. A 
concentration of 5 X 10-5 m AMP is required to activate phosphorylase 6 half-maxi- 
mally (8). 
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. 


Fic. 1. Crystalline rabbit skeletal muscle phosphorylase b X 100 


Fic. 2 Fig. 3 
Fic. 2. Electrophoretic pattern of crystalline phosphorylase b (descending) in 
phosphate buffer, «7 = 0.065, pH 6.5. Time of electrophoresis = 370 minutes. Field 
strength = 2.74 volts perem. The vertical bar indicates the position of the original 
boundary. 
Fig. 3. Ultracentrifugation of crystalline phosphorylase b. Enzyme dissolved in 
0.04 mM glycerophosphate-0.03 m cysteine buffer, pH 6.8; ¢ = 44 minutes at 50,740 
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however, the presence of AMP is undesirable, and it can be removed with 
charcoal. It has been convenient to pass an approximately 2 per cent 
solution of the protein through a 1:1 mixture of charcoal and cellulose 
powder® on a small column. The amount of charcoal required is about 
equal in weight to that of the enzyme to be treated. Complete removal 
of the AMP is indicated when the Fo/ Lox9 ratio equals 0.53 as measured 
on solutions of the protein in water. On charcoal-treated samples of 
crystalline phosphorylase b the activity as tested in the absence of added 
AMP is approximately 3 per cent of that found in the presence of AMP. 
The question of whether this residual activity is an intrinsie property of 
phosphorylase b or whether it is due to a trace of phosphorylase a not de- 
tectable by physical measurements remains open. 

Purity of Crystalline Phosphorylase b—On prolonged electrophoresis, the 
enzyme migrates as a single component giving a symmetrical peak (Fig. 2). 

The sedimentation pattern obtained in the ultracentrifuge is that of a 
homogeneous compound (Fig. 3), when the determination is carried out 
in the presence of cysteine and in the absence of AMP and Mgt*. In the 
presence of these latter components, a more complex pattern can be ob- 
tained, as will be discussed in a later communication. 

Crystalline phosphorylase b is free of phosphorylase b to phosphorylase 
a-converting enzyme (4), PR enzyme (9), adenylic deaminase, ATPase, and 
myokinase. 


DISCUSSION 


Extraction of ground muscle at 25° as described in the present procedure 
gives much greater yields of phosphorylase than those reported previously 
for preparations in which extractions were carried out in the cold (2, 5, 7, 
10). On the assumption that two extractions with cold water followed by 
two extractions with cold glycerophosphate buffer removed all the phos- 
phorylase, Green and Cori (5) calculated that the phosphorylase content 
of rabbit skeletal muscle ranged from 40 to 81 mg. of enzyme per 100 gm. 
of muscle. For the preparation reported in Table I, which is typical of a 
large series of experiments, it can be calculated that 290 mg. of phospho- 
rylase were extracted per 100 gm. of muscle, and the amount actually 
isolated as crystalline enzyme is greater than was previously believed to 
be present in muscle. The amount of enzyme extracted is of obvious 
importance from the standpoint of yield in a preparative procedure, but, in 
addition, values for the muscle content of phosphorylase based on amounts 


*The charcoal used was Norit A (acid-washed) obtained from the Pfanstiehl 
Laboratories, Ine., Waukegan, Illinois, and the cellulose powder was Whatman cel- 
lulose powder (coarse grade) obtained from H. Reeve Angel and Company, Ine., 
New York. 
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extracted have been used in calculations of the rate of synthesis of this 
enzyme in vivo (11, 12). Recently Cori and Illingworth reported that 
homogenization of rat and frog muscle in the cold yields extracts contain- 
ing high concentrations of phosphorylase (13). This procedure applied 
to rabbit muscle had been found to yield approximately the same amount 
of enzyme as the extractions at 25° described in this paper. 

In contrast to rabbit muscle extracts made in the cold,' the present ex- 
tracts contain an active ATPase and have almost no endogenous ATP; 
hence, there is no tendency for the phosphorylase b to be converted to 
phosphorylase a even though extractions are made with water rather than 
with EDTA.'® Nothing is added which inhibits PR enzyme; hence, its 
action during the early steps in the procedure insures that any phospho- 
rylase a which might be present initially will be converted to phosphorylase 
b before the final isolation of the enzyme. 

After the extraction procedure, the next two steps'' are essentially the 
same as those described by Green and Cori (5) in their preparation of 
phosphorylase a. The heat treatment at high pH in the presence of cys- 
teine and EDTA serves to inactivate enzyme contaminants including PR 
enzyme, phosphorylase 6 to phosphorylase a-converting enzyme, as well 
as enzymes that make the crystallization difficult due to their action on 
AMP. The crystallization apparently involves the formation of an Mg**- 
AMP-enzyme complex. 


The authors wish to thank Mr. Roger Wade for carrying out the ultra- 
centrifugal analyses and to acknowledge the excellent technical assistance 
of Miss Eloise Snyder. 


SUMMARY 


A method is described for the direct isolation and crystallization of 
phosphorylase 6 in excellent yields from rabbit skeletal muscle. 

The enzyme behaves as 2 homogeneous protein on electrophoresis and 
ultracentrifugation and is essentially free of enzyme contaminants. 

The extraction of phosphorylase from muscle and the content of this 
enzyme in muscle are discussed. 
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THE MUSCLE PHOSPHORYLASE b KINASE REACTION* 
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The conversion of skeletal muscle phosphorylase b to phosphorylase a 
is catalyzed by an enzyme requiring ATP' and a divalent metal (1). In 
this reaction phosphate is transferred from the nucleotide to phosphorylase, 
and a dimerization of the enzyme occurs (2). The dimer-monomer rela- 
tionship existing between phosphorylases a and 6 was noted originally by 
Keller and Cori in their work on the phosphorylase a to 6 reaction (3). 
In liver an inactive form? of phosphorylase exists, which in a similar man- 
ner may be transformed to active phosphorylase by a process involving 
phosphorylation of the protein (4, 6). With the liver enzyme no dimeri- 
zation of the molecule was noted. 

By using crystalline phosphorylase b (7) it has been possible to obtain 
quantitative data with reference to the number of moles of phosphate 
introduced per mole of phosphorylase a and to determine the nature of the 
nucleotide product in the phosphorylase b to a conversion. The equation 
for the reaction can be written as follows: 


2 phosphorylase b + 4ATP — phosphorylase a + 4ADP 


No evidence for the reversibility of this reaction has been noted. 

The conversion of phosphorylase b to a by the above reaction can be 
catalyzed by traces of converting enzyme and serves as a convenient method 
for the preparation of crystalline phosphorylase a starting with the readily 
obtainable phosphorylase b (7). 


Methods 


Materials—Phosphorylase 6 kinase and crystalline phosphorylase b were 
prepared by methods described previously (2, 7). A-R-P-P®-P® was pre- 


* Supported in part by the Initiative 171 Research Fund of the State of Washing- 
ton and by a research grant (A-859) from the National Institutes of Health, United 
States Public Health Service. 

'The abbreviations used in this paper are as follows: ATP, adenosine triphos- 
phate; ADP, adenosine diphosphate; AMP, adenosine monophosphate; A-R-P-P*?- 
P? ATP labeled in the two terminal phosphates; A-R-P-P-P*, ATP labeled in the 
terminal phosphate; Tris, tris(hydroxymethyl)aminomethane; EIITA, ethylene- 
diaminetetraacetate; TCA, trichloroacetic acid. 

? This form of phosphorylase is referred to as dephosphophosphorylase by Rall 
etal. (4) and might be considered as analogous to muscle phosphorylase b except that 
the degree of activation by AMP is less (5). 
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pared from AMP and labeled inorganic phosphate by using mouse liver 
mitochondria in an incubation mixture as described by Kielley and Kielley 
(8). The labeled ATP was isolated by the chromatographic method of 
Hurlbert et al. (9) after precipitation of the proteins with HCIO,. The 
A-R-P-P-P® used was a sample kindly supplied by Dr. Berton C. Press- 
man. Hexokinase was obtained from the Sigma Chemical Company, 
St. Louis. 

Phosphorylase Concentration and Activities—The protein concentration 
in AMP-free solutions of phosphorylase b or a was determined spectro- 
photometrically by using an absorption coefficient calculated from the data 
of Velick and Wicks (10). The values obtained by this method were in 
substantial agreement with protein determinations carried out by the 
method of Robinson and Hogden (11). Molar concentrations of phos- 
phorylase were calculated by using the value of 495,000 for the molecular 
weight of phosphorylase a (3). Phosphorylase activities were carried out 
as described by Illingworth and Cori (12), and the units of activity are 
the same as those described by these authors. 

Determination of P® Content of Phosphorylase—According to the par- 
ticular experiment, protein-bound P® was determined either by the direct 
plating of thoroughly dialyzed phosphorylase a (Method 1), or by pre- 
cipitating and washing samples of the protein with 5 per cent TCA or 03 
nN HClO, and then dissolving in 88 per cent formic acid before plating 
(Method 2). 

Analysis of Phosphorylase b to a Reaction Mixtures for Nucleotides— 
Proteins were precipitated with cold HCIO, (final concentration = 0.3 Nn) 
and washed twice with small amounts of the acid. The original super- 
natant solution was combined with the washings and neutralized with 
KOH. The precipitated KCIO, was removed in the cold by centrifuga- 
tion and washed twice with small portions of cold water. These washings 
were added to the supernatant solution, which was then analyzed by the 
chromatographic procedures of Hurlbert et a/. (9), by using the formic 
acid system. The fractions were characterized by their position, spectral 
characteristics, and radioactivity. The methodology was checked by 
employing known mixtures of AMP, ADP, ATP, and P®-labeled inorganic 
phosphate. 


EXPERIMENTAL 


Uptake of Phosphate during Phosphorylase b to a Reaction—To determine 
the relationship existing between the phosphorylation of phosphorylase 
and the activity pattern of this enzyme as measured in the presence and 
absence of AMP, phosphate incorporation and activities were measured 
during the entire course of the phosphorylase b to a conversion. In this 
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experiment, which also illustrates a typical preparative procedure’ for 
obtaining phosphorylase a, the following reaction mixture was used: (1) 
100 ml. of four times recrystallized AMP-free phosphorylase 6 solution 
containing 1.90 gm. of the enzyme, (2) 2.5 ml. of 2m Tris buffer adjusted 
so that the final reaction mixture would be at pH 7.8, (3) 2.0 ml. of phos- 
phorylase b kinase (6 mg.) in neutral 0.5 M cysteine, (4) 1.0 ml. of 1.0m 
Mg(Ac)s, (5) 4.0 ml. of A-R-P-P®-P® (31 umoles). The labeled ATP was 
added as the last component, and the mixture was incubated at 25°. At 
intervals aliquots were removed and diluted 20-fold in 5 X 10°-* M neutral 


100- 


8 


MOLES P INCORPORATED PER MOLE 
ENZYME 


PERCENT OF ACTIVITY 


40 
MINUTES 
Fia. 1. Incorporation of phosphate into phosphorylase during the phosphorylase 
bh toa reaction. The reaction mixture containing labeled ATP is described in the 
text. Phosphorylase activities in the presence (O) and absence (@) of AMP were 
measured on aliquots removed at various times. Incorporation of P® into the pro- 
tein () was determined on similar aliquots treated according to Method 2. 


EDTA solution to stop the reaction. A portion of this solution was di- 
luted further in 0.04 mM glucose phosphate-0.03 mM cysteine buffer, pH 6.8, 
for phosphorylase activity measurements, and a second portion was used 
for the determination of radioactive phosphate incorporation into the 
protein by Method 2. The results are shown in Fig. 1, where phospho- 
rylase activities as percentages of the maximal value reached are plotted 
against time along with the amounts of phosphate incorporated in terms 
of moles per mole of phosphorylase a. It can be seen that the activity as 


* To isolate the phosphorylase a after the reaction has reached completion, an 
equal volume of saturated ammonium sulfate, pH 7, is added, and the precipitated 
protein is collected by centrifugation, dissolved in a minimal amount of water, and 
dialyzed as described by Illingworth and Cori (12) for the erystallization of phos- 
phorylase a. 
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measured in the absence of AMP reaches a maximum somewhat before 
the incorporation of phosphate is complete, although in general the two 
processes parallel one another. The activity as measured in the presence 
of AMP shows an increase during conversion as was also noted in a pre- 
vious report (2). This will be discussed more fully in a later section. In 
this experiment, the final product had a specific activity of 2300 units per 
mg. measured in the presence or absence of AMP. 

Maximal Incorporation of Phosphate—In a series of experiments similar 
to that shown in Fig. 1, with different lots of labeled ATP, the maximal 
number of moles of phosphate incorporated per mole of phosphorylase a 
was consistently found to be 4 (Table I). 


TaBLe I 
Marimal Phosphate Incorporation in Phosphorylase b to a Reaction 
Crystalline phosphorylase 6 was incubated with P®-labeled ATP in the presence 
of phosphorylase 6 kinase, Mg**, and buffer as described in the text. In Method 1 
the proteins were precipitated with 5 per cent TCA, washed with additional TCA, 
and dissolved in formic acid for plating. In Method 2 the proteins were precipi- 
tated with (NH,).SO,, taken up in water, and dialyzed thoroughly before plating. 


umoles per meg. Moles per mole 
Experiment No. Method phosphorylase a phosphorylase « 
— - 


x 108 
7.6 


| 
| 


* Same experiment as in Fig. 1. 
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Nucleotide Product of Phosphorylase b to a Reaction—Although it seemed 
probable that the nucleotide product of the reaction was ADP, it appeared 
important to establish this point directly and to obtain quantitative data, 
which would permit the writing of a definite equation for the phospho- 
rylase b to a reaction. Preliminary experiments showing that the reaction 
would go to completion with only a moderate excess of ATP and the avail- 
ability of pure phosphorylase b in substrate amounts made experiments for 
the direct analysis of nucleotide products feasible. A complicating factor 
was the known presence of traces of ATPase and myokinase activity in 
the phosphorylase b kinase. In an experiment 545 mg. of phosphorylase 
b (2.2 umoles) were converted to phosphorylase a (1.1 uwmoles) by using 
8.5 wmoles of A-R-P-P®-P®. After deproteinization the reaction mixture 
was analyzed for nucleotides and P-labeled inorganic phosphate. As 
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shown in Table II, the major product found was ADP, but in an amount 
less than would account for the phosphate transferred to the protein. On 
taking into account the fact that 7.8 uwmoles of total adenine nucleotide 
out of the 8.5 umoles initially added were recovered, the value for ADP 
would still be low, even if all the unaccountable nucleotide were in this 
form. An appreciable amount of AMP was formed, probably as a result 
of the ATPase activity present in the kinase as shown by the fact that 
inorganic phosphate accumulated. In separate experiments (not illus- 
trated) it was shown that ADP does not serve when substituted for ATP 
in the phosphorylase b to a reaction; hence, the AMP formed could not 
be due to phosphorylation of the protein by ADP. The final interpreta- 
tion of the experiment was that the results were consistent with, but did 


TaBLe II 
Products of Phosphorylase b to a Reaction 
2.2 umoles of phosphorylase b were converted to phosphorylase a enzymatically 
by using 8.5 wmoles of A-R-P-P®-P*. The reaction mixture was deproteinized and 
analyzed for nucleotides and P®-labeled inorganic phosphate as described in the 
text. The amount of phosphate transferred to the protein was determined by count- 
ing aliquots of a formic acid solution of the precipitated and washed protein. 


| 
Phosphate transferred. . .| 4.3 
AMP.. 1.5 
Inorganic phosphate. . | 1.5 


not establish, the fact that ADP was formed as the product of the phos- 
phorylase 6 to a reaction in an amount stoichiometric with the phosphate 
transferred. 

Phosphorylase b to a Conversion by Using A-R-P-P-P®—As the direct 
analysis of nucleotide products discussed above did not completely exclude 
au mechanism for the conversion in which the two terminal phosphates of 
ATP were transferred to phosphorylase leaving AMP as a product, a dif- 
ferent approach was employed with ATP labeled only in the terminal 
phosphate position (A-R-P-P-P®). It was reasoned that a degree of labeled 
phosphate incorporation into phosphorylase exceeding 2 moles per mole 
of phosphorylase a could occur only with terminal phosphate transfer, 
ie. with ADP as a product. Contamination with myokinase might lead 
to a synthesis of non-labeled ATP from ADP formed in the reaction, and 
this could lead in turn to a lowered incorporation of the isotope, but this 
did not occur to any considerable extent as shown in Table III. With 
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A-R-P-P-P® the amount of isotopic phosphate incorporated was equivalent 
to 3.5 moles per mole of phosphorylase a. 

Specific Activity of Phosphorylases b and a—Yor freshly isolated crystal- 
line phosphorylase b (7) values for the specific activity‘ in the range of 1200 
to 1800 units per mg. have been found. The higher values usually occur 
when the preparation, crystallization, and recrystallizations are carried 
out rapidly without appreciable delay between steps. Upon conversion 
to phosphorylase a as described in this paper, the specific activity invariably 
climbs to a range between 2200 and 2600 units per mg. A recent value 
for the specific activity of phosphorylase a prepared from muscle extracts® 
reported from the Coris’ laboratory (13) falls within this range, although 
earlier reported values were considerably higher (14, 12). 


TaB_e III 
Phosphorylase b to a Conversion by Using A-R-P-P-P® and A-R-P-P®-P® 
Reaction mixtures were made up containing phosphorylase b and the kinase as 
described in the text. Reaction 1, with A-R-P-P-P*®; Reaction 2, with A-R-P-P*®- 
P*2, When conversion to phosphorylase a was complete, as indicated by activity 
tests (35 minutes), aliquots were analyzed by Method 2 for labeled phosphate in- 
corporated into the enzyme. 


les P?? per mg. Moles P*? per mole 
Reaction No. phosphorylase a Per cent of theoretical* 
x 108 
1 7.1 | 3.5 87 
2 8.1 | 4.0 100 


* Assuming 4 moles of phosphate per mole of phosphorylase a = 100 per cent. 


The finding that the specific activity of phosphorylase a is appreciably 
higher than that of phosphorylase b is at variance with reports that the 
two forms have the same activity when tested in the presence of AMP 
(15, 3, 16), although in one study Cori and Cori (17) noted a drop in activ- 
ity when the crystalline a form was converted to phosphorylase b by PR 
enzyme. At the suggestion of Dr. Patricia J. Keller a complete study of 
the activities at various pH values of crystalline phosphorylase b before 
and after conversion to phosphorylase a was carried out (lig. 2). As can 
be seen, the pH optimum curves vary, but at no pH value are the activ- 
ities the same, the activity of phosphorylase a being higher, especially 


4 Measured in the presence of AMP. 

® In this method for preparing phosphorylase (12-14), the ‘‘a’’ form is produced at 
least in part as a result of a phosphorylase b to a conversion at the crude extract 
stage (1,7). Such phosphorylase a appears to be more dependent upon the presence 
of AMP for full activity than is phosphorylase a prepared from isolated crystalline 
phosphorylase 6. The reason for this is unknown. 


Gee _~ 


st 
W 
t 


rE. G. KREBS, A. B. KENT, AND E. H. FISCHER 79 


near the pH optimum. Mr. Donald J. Graves, of this Department, has 
studied the conversion of crystalline phosphorylase a to phosphorylase b 
with PR enzyme purified according to Keller and Cori (16) and has noted 
a drop in total activity equal to the increase found in the phosphorylase b 
to a reaction.® 

Ultracentrifugal Analysis of Phosphorylase Partially Converted from 
Phosphorylase b to a—It appeared to be of interest to study the relation- 
ship between the extent of phosphate incorporation into phosphorylase, 


8- Pha 

6- 

Ph 
b 


60 65 70 75 
pH 

Fic. 2. Phosphorylase activities of phosphorylases b and a with varying pH values. 
The activity of crystalline phosphorylase b as measured in the presence of AMP was 
determined at various pH values. A sample of the enzyme was converted to phos- 
phorylase a, and the activities were redetermined. Units were calculated by taking 
into account the equilibrium position at different pH values (18) and are recorded 
per ml. of solution at the dilution existing in the conversion reaction mixture. 


the degree of dimerization of the enzyme, and the activity in the presence 
and absence of AMP. In their original study of the conversion of phos- 
phorylase a to b by PR enzyme, Keller and Cori noted that there was 
almost an exact correspondence between the degree of monomerization 
of the enzyme and the extent of phosphorylase b formation as indicated by 
activity measurements (3); however, the phosphorylase a used in these 
experiments was prepared from muscle extracts® and had an original ratio, 
(activity — AMP)/(activity + AMP), equal to only 0.66 in contrast to 
the ratio of 1.0 obtained at completion of the crystalline phosphorylase 


‘In the PR reaction the products are phosphorylase b and inorganic phosphate 
(19). The letters ‘“‘PR,”’ which currently stand for ‘‘phosphorylase rupturing”’ (16), 
may also be used to designate ‘‘phosphate removing.”’ 
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b to a reaction as reported here. In an experiment carried out on a pre- 
parative scale, the phosphorylase b to a reaction was allowed to proceed 
in the presence of labeled ATP to an intermediate point at which time the 
protein was precipitated with (NH4)SO,, dialyzed, and crystallized: 
The ratio, (activity — AMP)/(activity + AMP), for this enzyme was 
0.75. Phosphate incorporation was found to be equal to 2.6 moles per 
mole of enzyme calculated as phosphorylase a or 65 per cent of maximum. 
Ultracentrifugal analysis showed 60 per cent of a component with an 
S20,~ = 13.7 and 40 per cent of a component with an 82, = 8.9 correspond- 
ing to phosphorylases a and b, respectively. Dimerization appears to 
follow phosphate incorporation very closely. It is clear that the existence 
of a type of phosphorylase a, which shows a 30 to 40 per cent activation 
with AMP and behaves as a single component in the ultracentrifuge (3), 
cannot be explained on the basis of partial phosphorylation of phospho- 
rylase b. 

Irreversibility of Phosphorylase b — a Conversion Reaction—The possibility 
of a reversibility of the conversion of phosphorylase b to phosphorylase a 
was checked under the following conditions. 

P®?-labeled phosphorylase a (0.036 umole containing 0.142 umole of 
bound radiophosphate) was incubated with 2 uwmoles of non-labeled ADP 
or AMP in the presence of the usual concentrations of Mg**, cysteine, and 
phosphorylase b kinase required for rapid conversion. At various times, 
samples were withdrawn and precipitated with TCA, and the radioactivity 
present in the protein pellets and in the supernatant solutions was deter- 
mined. No loss of radioactivity from the protein could be observed after 
2 hours of incubation. A negative result was also obtained when the 
same experiment was repeated in the presence of hexokinase and glucose 
to trap the labeled phosphate if it appeared in the form of ATP. In an- 
other experiment in which non-radioactive ADP and ATP were incubated 
with labeled phosphorylase a and the conversion reaction mixture com- 
ponents, no loss of radioactivity in the protein could be observed, even 
after an incubation of 4 hours. These results clearly indicate that the 
conversion of phosphorylase b to phosphorylase a is essentially an irre- 
versible reaction. 

Lack of Exchange of Protein-Bound Phosphate during Phosphorolysis of 
Glycogen—Recently Engstrom and Agren (20) reported that P*-labeled 
phosphoserine could be obtained from muscle phosphorylase preparations 
which had been incubated with glycogen and radioactive phosphate. 
Many attempts to confirm this finding have been made in this laboratory 
under a variety of conditions with uniformly negative results. In one 
experiment, 1.06 umoles (267 mg.) of twice recrystallized phosphorylase } 
were incubated with 40 mg. of glycogen and 500 umoles of P*-labeled in- 
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organic phosphate (7.32 X 10° ¢.p.m. per umole of P) in the presence of 
0.03 M cysteine and 10-?m AMP. The total volume of the reaction mix- 
ture was 15 ml. and the pH 7.0. Although phosphorolysis had reached 
equilibrium after a few minutes, the reaction was allowed to proceed for 
10 hours at 25°, at which time the incubation reaction mixture was passed 
through a column containing 50 ml. of Amberlite IR-4B (acetate form, 
pH 7.5). To the eluate (pH 6.8), 1 volume of a saturated ammonium 
sulfate solution of the same pH was added. The precipitated protein 
was dissolved and dialyzed overnight against several changes of water, 
and the salt-free solution was characterized. The phosphorylase recovered 
(246 mg. or 93 per cent) was fully active but contained only 13 ¢.p.m. per 
mg. of protein. Incorporation of 1 gm. atom of P per mole of phosphorylase 
b (mol. wt. 250,000) would represent 2930 ¢.p.m. per mg. of protein, and 
therefore the radioactivity found indicates a maximal uptake of only 
0.0045 equivalent of phosphate. Furthermore, when the protein was 
precipitated with 0.3m TCA, and the supernatant solution concentrated 
and analyzed by high voltage paper electrophoresis, even this slight radio- 
activity appeared as inorganic phosphate. Similar experiments were 
carried out with phosphorylase a rather than phosphorylase b, and again 
no incorporation of isotope into the enzyme was obtained with or without 
addition of crystalline phosphoglucomutase (21) to displace the reaction. 
Finally, when P*®-labeled phosphorylase a (with the labeled phosphate 
exclusively bound to the protein in the form of an O-phosphosery] ester’) 
was incubated with non-radioactive phosphate and glycogen, also with or 
without phosphoglucomutase, essentially the same negative result was 
obtained; 7.e., in this case there was no dilution of the radioactive phos- 
phate on the enzyme. It is concluded that none of the protein-bound 
phosphate in phosphorylase exchanges during the phosphorolytic break- 
down of glycogen, a conclusion entirely consistent with the findings of 
Cohn and Cori, that no exchange occurs between inorganic phosphate, or 
glucose, and glucose 1-phosphate in the presence of muscle phosphorylase 


(23). 
DISCUSSION 


The finding that 4 moles of phosphate are transferred from ATP to 1 
mole of phosphorylase a during the conversion reaction is in keeping with 
the concept (24) that this enzyme is made up of 4 subunits having a mo- 
lecular weight of approximately 125,000; phosphorylase b is made up of 
only 2 such subunits. The number of binding sites for AMP on the two 


7 Unpublished observation in this laboratory. During the preparation of this 


paper the finding of pyridoxal phosphate in phosphorylase was announced by another 
laboratory (22). 
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forms of phosphorylase (25), and most recently the number of moles of 
pyridoxal phosphate’ bound to the enzyme, have been found to be 2 and 
4 for phosphorylases b and a, respectively. 

The phosphorylase b to a conversion is a complex process, which, on the 
one hand, can be thought of simply in terms of a phosphokinase reaction 
in which the substrate is a protein and the product a phosphoprotein. 
The reaction is essentially irreversible, as would be expected for a reaction 
in which the terminal phosphate group of ATP is transferred with the re- 
sulting synthesis of a energy’? O-phosphoseryl ester. The phos- 
phorylation of the protein is also accompanied by a dimerization of the 
enzyme molecule, and it has not been possible by the techniques employed 
in the present study to separate these two events. Lastly, the reaction is 


accompanied by the activity changes that characterize the phosphorylase 


b to a conversion; as described in this paper these include an increase in 
total activity as well as a loss of the AMP requirements. No explanation 
is available to relate the activity changes to the phosphorylation of the 
enzyme. 

The possibility that the four phosphate groups incorporated into the 
phosphorylase a molecule could be directly involved in the association 
between 250,000 molecular weight units through chelation of a metal 
could not be substantiated. In a single experiment radioactive Mn* 
was used in place of magnesium in the conversion reaction. Phosphorylase 
a was isolated, recrystallized, and found to contain only 0.085 gm. atom of 
Mnt++ per mole of enzyme. Furthermore, a metal bridge between protein 
units would be considered unlikely, if one takes into account the stability 
of phosphorylase a towards chelating agents and its dissociation by p-chloro- 
mercuribenzoate (24). 

Sutherland has given the name dephosphophosphorylase kinase to the 
enzyme that catalyzes the phosphorylation of inactive liver phosphorylase 
(4). Inasmuch as muscle phosphorylase b already contains phosphate in 
the form of pyridoxal phosphate, the term dephosphophosphorylase would 
appear to be misleading if applied to this protein. Hence it is proposed 
that the converting enzyme studied here be called phosphorylase b kinase. 
The term “kinase” is justified, since the reaction was shown to involve the 
transfer of the terminal phosphate of ATP. 


The authors wish to acknowledge the technical assistance of Miss Eloise 
Snyder and Mr. R. G. Dodson. 


8 It has been reported that the phosphate introduced into the protein in the con- 
version of phosphorylase 6 to a can be obtained in the form of a phosphopeptide after 
tryptic attack (19). The phosphate in this peptide has been found to be present as 
an O-phosphosery! ester. 
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SUMMARY 


The conversion of crystalline phosphorylase 6b to phosphorylase a by 
using P*-labeled adenosine triphosphate and phosphorylase ) kinase has 
been studied. In the reaction 4 moles of phosphate are incorporated per 
mole of phosphorylase a, and 4 moles of adenosine diphosphate are formed. 
The reaction is essentially irreversible. In the process the molecular 
weight of the enzyme is doubled. The changes that occur in the activity 
of phosphorylase during the conversion have been studied. With complete 
conversion the phosphorylase a formed has the same activity with or with- 
out adenosine monophosphate. No exchange of the firmly bound phos- 
phate in the enzyme with inorganic phosphate occurs during phosphorolysis 
of glycogen. 
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METABOLISM OF v-ASCORBIC ACID-1-C"% IN 
GUINEA PIGS AND RATS 
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Institutes of Health, Bethesda, Maryland, and the Research Service, Third (New 
York University) Medical Division, Goldwater Memorial Hospital, Welfare 
Island, New York, New York) 


(Received for publication, October 4, 1957) 


The availability of L-ascorbie acid labeled with C' had made possible 
studies on the metabolism of the vitamin in man (1), guinea pig (2, 3), and 
rat (4, 5). In the present investigation the metabolic fate of carboxyl- 
labeled p-ascorbic acid and carboxy]-labeled L-ascorbic acid was compared in 
guinea pigs and rats. This study is of interest, since little is known of the 
biological fate of p-ascorbic acid. In addition, it was thought that infor- 
mation might be obtained which would explain why the bp isomer is reported 
to have no vitamin C activity in guinea pigs (6, 7). The tracer technique 
was required in this investigation, since it is not possible to distinguish by 
chemical methods small amounts of b-ascorbic acid from normally occurring 
t-ascorbie acid in biological material. 

The results to be presented show that the carboxyl carbon of p-ascorbic 
acid, like that of L-ascorbic acid, is extensively oxidized to COs. Because 
of the rapid metabolism and excretion of b-ascorbic acid, it is retained in 
the body to a considerably lesser extent than L-ascorbic acid, which may 
be an important factor in explaining why b-ascorbic acid has virtually no 
vitamin C activity in guinea pigs.! 


EXPERIMENTAL 


Radioactive Materials—.-Ascorbic acid-1-C™ (1.40 ye. per mg.) and p- 
ascorbic acid-1-C'4 (1.18 we. per mg.) were prepared by the addition of 
radioactive cyanide to L-xylosone and b-xylosone, respectively (10). 

Experimental Animals—The normal guinea pigs used in this study were 
maintained on Rockland Farm guinea pig diet and water ad libitum. 
Guinea pigs were made vitamin C-deficient by being maintained on a 
vitamin C-free diet and water for 2 weeks prior to the experiments. Male 
albino rats of the Wistar strain, weighing from 270 to 310 gm., were given 
a basal diet of evaporated milk for at least 5 days before each experiment. 
The labeled compounds employed in the various experiments, dissolved in 
1.0 ml. of water, were administered by intraperitoneal injection. 


1A portion of these data has been presented in preliminary form (8, 9). 
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Isolation of p-Ascorbic Acid—The method for isolation of labeled p- 
ascorbic acid was similar to that used previously for L-ascorbic acid (3). 
In brief, this involved addition of carrier D-ascorbic acid to an aliquot of 
urine or to a trichloroacetic acid extract of adrenals and liver, purification 
of the resulting solution by an ion exchange column technique, and isolation 
of p-ascorbic acid from the eluate as its 2,4-dinitrophenylosazone. No 
change in the specific activity of this derivative occurred upon repeated 
recrystallization from a 1:1 ethanol-acetone solvent mixture. 

Radioactive Methods—The procedure for collection of respiratory CO, 
and urine and the methods for preparation of samples for C™ assay have 
been described (3). 


Results 


Excretion of C'4 in CO, and Urine—The excretion of C™ in respiratory CO, 
and urine was compared following the administration of carboxyl-labeled 
p-ascorbic acid and L-ascorbic acid to normal and vitamin C-deficient 
guinea pigs (Table 1). It will be noted that, like L-ascorbic acid, p-ascorbic 
acid is appreciably oxidized to CO», However, essentially all the C¥ 
administered as p-ascorbie acid is excreted in CO, and urine during the 
24 hour period compared to the much greater retention observed for L- 
ascorbic acid. 

In Fig. 1 are presented data which show in a more striking fashion the 
marked differences in the retention of b-ascorbic acid and L-ascorbie acid in 
vitamin C-deficient guinea pigs. The amounts of C™ in expired CO: and 
urine were determined over a 2 day period in the case of the p isomer and 
over a 5 day period for the L isomer. The amounts of C' remaining in the 
animal were plotted against time in days. It will be noted that, for p- 
ascorbic acid, all the C' was eliminated within 48 hours, most of it during 
the first 24 hours. In the case of L-ascorbic acid, however, about half of 
the C" was still present in the animal at the end of 5 days. 

The excretion of C4 in respiratory CO, and urine was compared following 
administration of carboxyl-labeled p-ascorbic and L-ascorbic acids to rats 
(Table II). Essentially all the C“ administered as p-ascorbic acid was 
recovered in the urine, and not more than 5 per cent of the dose was found 
in respiratory CO:. In Experiment R-4, 84 per cent of the total C™ in 
urine was shown by the carrier dilution procedureto be present as b-ascorbic 
acid. The rapid excretion of p-ascorbic acid-1-C™ in urine is further 
pointed out by results of the following experiment: A rat received an 
intraperitoneal dose of 1.0 mg. of p-ascorbic acid-1-C', and the urine was 
collected over a 6 hour period by a catheter inserted directly into the 
bladder. During this period 95 per cent of the administered C™ was re- 
covered in the urine of which 90 per cent was present as p-ascorbic acid. 


Excretion of C4 in Respiratory CO, and Urine during 24 Hour Period after Adminis- 
tering Dose of p-Ascorbic Acid-1-C™ and L-Ascorbic Acid-1-C™ to Guinea Pigs 


P. G. DAYTON AND J. J. BURNS 


TABLE I 


Experiment 
No. 


Labeled compound* 


Per cent of dose excreted in 


CO:2 Urine 
Normal guinea pigs 

G-1 p-Ascorbie acid 28 66 

1-3 L-Aseorbic 26 6.3 
1-4 16 6.5 

Vitamin C-deficient guinea pigs 

G-5 p-Ascorbie acid 32 50 

G-7 46 
G-8 L-Asecorbie 24 8.2 
G-9 16 8.2 


from 1.11 to 3.62 mg. 


Fig. 1. Excretion of C' after 1.5 mg. intraperitoneal doses of carboxyl-labeled 
b-ascorbie and L-ascorbic acids to vitamin C-deficient guinea pigs. 


* Labeled compound administered by intraperitoneal injection in doses ranging 
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Tissue Distribution of p-Ascorbic Acid—The distribution of pb-ascorbic fc 
acid-1-C'™ and L-ascorbic acid-1-C' was compared in guinea pigs 2 hours th 
after intraperitoneal administration of each tracer (Table III). It will be 
W 
TABLE II 
Excretion of C'4 in Respiratory CO2 and Urine during 24 Hour Period after Adminis- 
tering p-Ascorbic Acid-1-C' and L-Ascorbic Acid-1-C™ to Rats* 
al 
Per cent of dose excreted in di 
Experiment No. 
Urine a 
p-Ascorbic acid-1-C'™ 
M 
R-1 5.5 99 
R-2 4.1 95 
R-3 4.1 96 
R-4 97 
L-Ascorbic acid-1-C! 
R-5 11 27 
R-6 14 20 = 
R-7 14 30 
* Labeled compound administered by intraperitoneal injection in doses ranging eT 
from 1.10 to 3.90 mg. 
D- 
TaBLeE III 
Distribution of p-Ascorbic Acid-1-C™ and 1-Ascorbic Acid-1-C™ in Guinea Pigs* a 
C'4 in tissuest m 
Labeled compound fo 
Adrenals | Spleen Liver be onl Kidneys , Muscle Plasma al 
p-Ascorbie acid....... 96,500 | 13,400 | 8,830 | 10,200 | 9250 1260 1890 1 
59,000 | 14,200 | 11,100 | 5,460} 7830 | 1680 | 1090 
L-Ascorbic “ ....... 59,400 | 28,500 | 4,900 | 7,270 | 3590 1640 657 e 
* Guinea pigs maintained on vitamin C-free diet for 2 weeks prior to experiment S] 
and killed 2 hours after administering 2 mg. dose of labeled compound. ri 
+ C4 in tissue expressed as counts per minute per gm. of wet tissue. fc 
noted that p-ascorbic acid was present to a much greater extent in adrenals, - 
liver, spleen, kidneys, and nasal septum than in muscle and plasma. The je 
carrier dilution procedure showed that at least 95 per cent of the C™ in fr 
adrenals and liver was present as p-ascorbiec acid. The pattern of dis- fc 
tribution of p-ascorbic acid-1-C™ in the guinea pig is similar to that found > 
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for L-ascorbie acid-1-C™ both at 2 hours (Table III) and at 24 hours after 
the dose as observed in a previous study (2). 

The possible conversion of labeled D-ascorbic acid to L-ascorbic acid 
was investigated in the following experiment: Non-radioactive L-ascorbic 
acid was added to an aliquot of the trichloroacetic acid extracts of the 
adrenals and liver obtained from guinea pigs that had received pb-ascorbic 
acid-1-C'™ (Table III), and the ascorbic acid was then isolated as its 2,4- 
dinitrophenylosazone derivative (3). A marked decline in the specific 
activity of this derivative occurred upon repeated recrystallization from a 


TABLE IV 
Metabolism of p-Ascorbic Acid-1-C'™* and t-Ascorbic Acid-1-C™% in Rat Tissues* 


Per cent of added C™ at end of incubation in 


Compound 
CO2 Ascorbic acid 
Kidney 
p-Ascorbie acid....... 48 0.6 
Liver 
p-Ascorbic acid.................| 26 12 


*System, 1.0 mg. of labeled compound was added to 10 ml. of 20 per cent ho- 
mogenate in Krebs-Ringer-phosphate buffer (pH 7.0). Incubation was carried out 
for 1 hour at 37° under air. At the end of this time trichloroacetic acid was added, 
and CQO, was trapped in a center well containing aqueous KOH. 


1:1 ethanol-acetone mixture. In contrast, no change in specific activity of 
the osazone was observed when non-radioactive b-ascorbic acid was used as 
carrier in these experiments (see under ‘“‘Experimental’’). The fall in 
specific activity of the derivative is apparently due to separation of the 
racemic osazone from its L isomer during crystallization which is shown as 
follows: A sample of 2,4-dinitrophenylosazone, prepared from a mixture 
consisting of 1.05 mg. of p-ascorbic acid-1-C™ and 200 mg. of non-radio- 
active L-ascorbic acid, was recrystallized successively from a 1:1 ethanol- 
acetone mixture. The specific activity of this osazone derivative dropped 
from an initial value of 1050 ¢.p.m. per mg. to 10.2 ¢.p.m. per mg. after 
four recrystallizations. This crystallization procedure in which labeled 
b-ascorbic acid can be distinguished from L-ascorbie acid made it possible 
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to show that no detectable conversion of the p isomer to the L isomer 
occurred in the guinea pig.” 

Metabolism in Vitro—Evidence has been obtained recently for an active 
enzyme system in liver and kidney of rats which decarboxylates L-ascorbic 
acid (12). In the present study, comparative experiments were carried 
out with p-ascorbie acid-1-C' and L-ascorbic acid-1-C™ in homogenates of 
these tissues which show that the Dp isomer was metabolized to about the 
same extent as the L isomer (Table IV). 


DISCUSSION 


The results of the present investigation show marked differences in 
the retention of D-ascorbic acid and L-ascorbic acid when administered in 
small intraperitoneal doses to normal and vitamin C-deficient guinea pigs. 
p-Ascorbic acid is rapidly metabolized and excreted, most of the compound 
disappearing from the body within 24 hours after the dose. In contrast, L- 
ascorbic acid is present in the guinea pig for a considerable period of time, 
disappearing with an average biological half life of 4 days (3). The 
finding that b-ascorbic acid is retained in the guinea pig to a considerably 
lesser extent than L-ascorbic acid must be considered before drawing any 
definite conclusion on the lack of vitamin C activity of the pD isomer. 
This question can be answered, however, if bioassay experiments are 
carried out under conditions in which comparable tissue concentrations of 
p-ascorbic acid and L-ascorbic acid are achieved without regard to total 
doses of each = wast given to the guinea pig.’ Zilva (13) has previously 
presented evidence suggesting that the vitamin C activity of certain other 
analogues of L-ascorbic acid also depends on their retention in the guinea 
pig. In these experiments the urinary excretion of the analogues was 
compared with that of L-ascorbic acid following 50 mg. intraperitoneal 
doses of each compound. For instance, it was found that 26 per cent of a 
dose of L-ascorbic acid appeared in urine over 24 hours compared to 55 
per cent over the same period for p-glucoascorbiec acid, a compound which 
has only about one-fortieth the vitamin C activity of L-ascorbie acid in 
guinea pigs (13). 

The results of the present study show that apparently no barrier exists 
to the passage of p-ascorbic acid into the various tissues. For instance, 
the tissue-plasma ratios for the adrenals and liver averaged 50 and 7, 
respectively, ratios similar to those found for L-ascorbie acid. It is of 


2? This technique has made it possible to distinguish between labeled L-xylulose 
and p-xylulose after their conversion to L-ascorbie acid and b-ascorbie acid, respec- 
tively (11). 

* Unpublished observations show that p-ascorbic acid does have vitamin C activity 
in respect to maintenance of weight and survival of scorbutie guinea pigs when the 
bioassay experiments are carried out under such conditions. 
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interest that previous studies have also shown that p-ascorbie acid can 
exist in a bound form in guinea pig liver to an extent similar to that for L- 
ascorbic acid (14). 

The results of experiments in rats show marked differences in the excre- 
tion of D-ascorbie acid and L-ascorbie acid. It is known that L-ascorbic 
acid is handled by the kidney as a threshold substance; that is, it is filtered 
through the glomeruli, and the major fraction of the vitamin in the filtrate 
is then reabsorbed by the tubular cells (15). The finding that p-ascorbic 
acid is excreted in urine at a much more rapid rate than L-ascorbic acid sug- 
gests that the D isomer is filtered through the glomeruli but not reabsorbed 
to any appreciable extent by the tubular cells. 


SUMMARY 


p-Ascorbie acid is oxidized to respiratory CO, by guinea pigs at a more 
rapid rate than L-ascorbic acid. p-Ascorbic acid is retained by guinea 
pigs to a considerably lesser extent than L-ascorbic acid. This may be an 
important factor in explaining the lack of vitamin C activity reported for 
the p isomer. The distribution of p-ascorbic acid in the guinea pig is simi- 
lar to that of L-ascorbic acid, the compounds being concentrated to a greater 
extent in adrenals, kidneys, spleen, liver, and nasal septum than in muscle 
and plasma. In the rat, p-ascorbie acid is also oxidized to CO:, but the 
major fraction of the dose is excreted in the urine to a greater extent 
than that observed for L-ascorbie acid. Experiments in vitro show that 
both p-ascorbic and L-ascorbie acids are extensively oxidized to COs: in 
homogenates of rat liver and kidney. 
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STUDIES ON THE SULFUR METABOLISM OF TISSUES 
CULTIVATED IN VITRO 


IV. ERGOTHIONEINE, OXIDIZED GLUTATHIONE, AND LANTHIONINE 


By HELEN J. MORTON anv JOSEPH F. MORGAN 


(From the Laboratory of Hygiene, Department of National Health 
and Welfare, Ottawa, Canada) 


(Received for publication, October 4, 1957) 


Previous studies from this Laboratory (1, 2) have shown that chick 
embryonic heart fibroblasts cultivated in vitro in a completely synthetic 
medium (3, 4) have an essential requirement for L-cystine plus a sup- 
plementary requirement for L- or p-methionine. Of more than thirty 
sulfur-containing compounds tested, only L-cysteine was found to replace 
L-cystine completely (5), although moderate replacement activity was 
observed with ergothioneine, oxidized glutathione, and lanthionine (1). 
The unusual nature of the sulfur amino acid requirement of tissue cultures 
prompted an investigation into the mechanism of activity of these three 
partially effective compounds, with particular emphasis on the relation- 
ship of methionine to their cystine replacement ability. The present 
communication reports interrelationships between ergothioneine, oxidized 
glutathione, lanthionine, and cell requirements for cystine and methionine 
which have apparently not been recognized previously. 


Materials and Methods 


Tissue cultures were prepared from the heart muscle of 11 day-old 
chick embryos by the method described previously (1, 2, 6). The tissues 
were cultivated in standard Pyrex test tubes in completely synthetic media 
(3, 4) without the addition of plasma, serum, or other uncharacterized 
substances. Each culture contained approximately 1 mg. of tissue, wet 
weight, as determined by an adaptation (7) of the total protein method 
of Lowry and coworkers (8). 

The basic synthetic medium used throughout these experiments was 
M150 (3, 4), which supports the survival of freshly explanted chick em- 
bryonic heart tissues for approximately 35 days. Media deficient in 
sulfur-containing amino acids were prepared by omitting various com- 
ponents of the basic medium. During this study, six control media, 
varying in sulfur amino acid content but otherwise identical with M150, 
were prepared as described in Table I. To these basic media, ergothio- 
neine, oxidized glutathione, or lanthionine was added over the concentra- 
tion range of 0.01 to 1000 mg. per liter, and the effect on culture survival 
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was determined. All media were freshly prepared at frequent intervals 
and sterilized by passage through ultrafine fritted glass filters. Ep. 
gothioneine hydrochloride was purchased from Burroughs, Wellcome, 
and Company, London, oxidized and reduced glutathione from the 
Schwarz Laboratories, Inc., New York, and pt-lanthionine from the 
California Foundation for Biochemical Research, Los Angeles. 

The experimental design and method of evaluating the cultures have 
been detailed previously (1, 2). All figures reported represent average 
survival times, calculated from two or more separate experiments. The 
significance of differences in survival times was calculated, when neces. 
sury, by the alternate ¢ test. 


Results 


Relationship of Methionine to Replacement of Cystine by Ergothioneine— 
Four cystine-deficient media were prepared, containing either no methio- 
nine, DL-, L-, or D-methionine (Table 1, M151, M153, M356, and M507). 
Graded levels of ergothioneine were added to these basic media and the 
response curves of culture survival determined, as shown in Fig. 1. 

In the presence of pL-methionine (Curve A), a moderate and highly 
significant increase in culture survival was found, but in the absence of 
methionine (Curve B) no significant response to ergothioneine was de- 
tected. When t-methionine was incorporated in the basic medium (Curve 
C), a marked increase in culture survival was observed, but with p-methio- 
nine in the basic medium (Curve D) ergothioneine proved unable to pro- 
long culture survival at any concentration. Under all conditions, levels 
of ergothioneine higher than 10.0 mg. per liter proved somewhat toxic. 

Relationship of Methionine to Replacement of Cystine by Oxidized Gluta- 
thione—The same four cystine-deficient media were prepared as in the 
experiments with ergothioneine (Table I, M151, M153, M356, and M507). 
Graded levels of oxidized glutathione were added to these basic media 
and the effect on culture survival was determined. Tor comparative 
purposes, similar tests were carried out with reduced glutathione. The 
results of these experiments are summarized in Fig. 2. 

In the presence of pt-methionine (Curve A), a uniform response curve 
to oxidized glutathione is obtained, but in the absence of methionine 
(Curve B) no increase in culture survival is observed. When L-methionine 
is incorporated in the basic medium (Curve C), the response curve ap- 
pears to be somewhat greater than in the case of pt-methionine. With 
p-methionine present in the medium (Curve D), a uniform response curve 
is obtained, although of considerably less magnitude than that obtained 
in the presence of the L isomer. Reduced glutathione, tested in the pres- 
ence of pi-methionine (Curve E), showed absolutely no replacement of 
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Similar negative results were obtained with this compound 


cystine. 
under all the conditions tested. 

Relationship of Methionine to Replacement of Cystine by Lanthionine— 
Experiments were carried out to study the effect of graded levels of lan- 


Tasie I 


Sulfur Amino Acid Content of Control Media Used in Studying Activity of 
Ergothioneine, Oxidized Glutathione, and Lanthionine 


— 


Medium No. Sulfur amino acid content* 


— 


—$ 


M150 Complete basal medium; contains 20.0 mg. per liter L-cys- 
tine, 30.0 mg. per liter pi-methionine, 0.1 mg. per liter 
L-cysteine, and 0.05 mg. per liter glutathione 


M151 Completely sulfur-deficient medium; contains no cystine, 
methionine, cysteine, or glutathione 

M152 Medium M151 + 30.0 mg. per liter pt-methionine 

M356 M151 + 10.0 w-methionine 

M371 M151+ 10.0 L-eystine 

M507 M151 + 100 p-methionine 


+All other ingredients of these media are identical with the formula of Medium 


M150 (3, 4). 
as} 


\ 
a 


i i 1 i i 

OO! Ol lOO 100.0 
ERGOTHIONEINE CONCENTRATION Cig 

Fic. 1. Response of tissues cultivated in cystine-deficient media to graded con- 
centrations of ergothioneine. Curve A, in presence of pL-methionine; Curve B, in 
absence of methionine; Curve C, in presence of L-methionine; Curve D, in presence 


of p-methionine. 


thionine on culture survival, by employing the same four basic media 
used previously (Table I, M151, M153, M356, and M507). The results 
of these experiments are presented in Fig. 3. 

It is evident that essentially equivalent response curves to lanthionine 
are obtained whether the basic medium contains L-, b-, or pL-methionine 
(Curves A, B, and C). In the absence of methionine (Curve D), the 
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response curve is less marked, but the increased survival at 100 mg. per 
liter is highly significant statistically. In all four basic media, concentra. 
tions of lanthionine greater than 100 mg. per liter sharply reduced the 
culture survival. 


i 1 
exe) Ol 1O 
GLUTATHIONE CONCENTRATION 

Fic. 2. Response of tissues cultivated in cystine-deficient media to graded con- 
centrations of glutathione. Curve A, oxidized glutathione in presence of pL-methi- 
onine; Curve B, oxidized glutathione in absence of methionine; Curve C, oxidized 
glutathione in presence of L-methionine; Curve D, oxidized glutathione in presence 
of p-methionine; Curve E, reduced glutathione in presence of pL-methionine. 
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Fic. 3. Response of tissues cultivated in cystine-deficient media to graded con- 
centrations of pL-lanthionine. Curve A, in presence of pL-methionine; Curve B, in 


presence of L-methionine; Curve C, in presence of p-methionine; Curve D, in absence 
of methionine. 


Replacement of Methionine by Ergothioneine, Oxidized Glutathione, or 
Lanthionine—In view of the relationships already demonstrated, the 
possibility that ergothioneine, oxidized glutathione, or lanthionine might 
replace the supplementary methionine requirement of the tissue cultures 
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was investigated. A basal medium was prepared, containing an optimal 
level of L-cystine but lacking methionine (Table I, M371). To this medium 
were added graded concentrations of the three compounds under study 
and the effect on culture survival was determined. As a positive control, 
the methionine response curve was also measured. The results of these 
experiments are shown in Fig. 4. 

The response of the tissue cultures to supplementary methionine, in 
the presence of cystine, is clearly shown (Curve A). In contrast, ergo- 
thioneine exhibits a progressive toxicity commencing with the lowest 
levels tested (Curve D). Graded levels of oxidized glutathione (Curve C) 
cause minor fluctuations in culture survival, but no significant stimulation 


=30 


Fig. 4. Response of tissues cultivated in methionine cient media to graded 
levels of sulfur compounds. Curve A, pt-methionine; Curve B, pi-lanthionine; 
Curve C, oxidized glutathione; Curve D, ergothioneine. 


or inhibition. With lanthionine (Curve B), a moderate ability to replace 
methionine is observed. 


DISCUSSION 


A consistent finding in cell nutrition studies has been the observation 
that all cells or tissues cultivated in vitro require both cystine and methio- 
nine for growth or survival (9). The present studies, carried out on more 
than 2000 cultures over a 2 year period, have shown that, under certain 
conditions, the tissue requirement for these two amino acids may be sat- 
isfied to a limited extent by ergothioneine, oxidized glutathione, or 
lanthionine. 

Despite the occurrence of ergothioneine in the blood of all species of 
animals so far tested (10), germ-free chickens (11), most tissues of the 
rat (12), and many species of bacteria (13), no clear cut biological func- 
tion for this compound has yet been established. It has been shown 
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that ergothioneine is not synthesized by the rat, chicken, guinea pig, or 
human (14), and consequently the tissue ergothioneine appears to be of 
dietary origin (15). The wide distribution of this compound and the 
failure of the animal organism to synthesize it prompted this investigation 
of its possible role in tissue culture nutrition. The present experiments 
have shown that ergothioneine will replace to a considerable extent the 
essential cystine requirement of chick embryonic heart fibroblasts. This 
replacement is dependent on the presence of L-methionine in the synthetic 
medium and does not occur with p-methionine. If the medium is sup- 
plemented with pi-methionine, the beneficial effect of the L isomer js 
partially counteracted by the p isomer. This dependence of ergothioneine 
activity on a specific optical configuration of methionine contrasts sharply 
with previous observations that L- and p-methionine are equally effective 
in supplementing the cystine requirement of tissue cultures (2). When 
the synthetic medium contains L-cystine but no methionine, ergothioneine, 
even at low concentrations, exerts an appreciable toxicity. Although 
methionine has been shown to be involved in the biosynthesis of ergo- 
thioneine by Neurospora crassa (16) and Claviceps purpurea (17), a direct 
relationship between methionine and ergothioneine in cell nutrition has 
not been observed previously. 

The possibility that glutathione might be required for tissue culture 
nutrition was suggested by early experiments with semidefined media (18) 
which indicated that this compound would relieve a cystine deficiency 
(19). The present experiments, in which completely defined media 
were employed, have established that glutathione will relieve a cystine 
deficiency but only to a limited extent and that this activity is restricted 
to the oxidized form. Demonstration of this replacement activity was 
found to depend upon the presence of methionine in the culture medium, 
but essentially equivalent activity was observed with L-, D-, or DL-me- 
thionine. When cystine was incorporated in the culture medium, glu- 
tathione showed no ability to replace the supplementary methionine 
requirement. In contrast to the activity of oxidized glutathione, reduced 
glutathione was completely ineffective under any conditions tested. These 
results are in contrast to the previous demonstration that cystine and cys- 
teine appear to be completely interchangeable in the nutrition of chick 
embryonic heart fibroblasts (5). 

Lanthionine has been shown (20) to be as effective as cystine or me- 
thionine in promoting the growth of rats on a sulfur-deficient diet. In 
the tissue culture system employed in the present study, relatively high 
concentrations of lanthionine were found to replace to a limited extent 
the essential cystine requirement. This activity was exerted whether 
or not methionine was present in the culture medium and was not in- 
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quenced by the optical rotation of the methionine used. When cystine 
was incorporated in the medium, lanthionine was again found capable of 
replacing to a limited extent the supplementary methionine requirement. 
The growth-promoting effect of lanthionine in rats has been attributed 
20) to cleavage of the molecule with the formation of L-cysteine. Such 
, mechanism would explain the partial replacement of cystine under the 
present experimental conditions, but would not account for the partial 
replacement of methionine in the presence of optimal cystine. The 
tivity of lanthionine in tissue cultures thus appears to be different 
from that observed in rats. 

The present experiments have indicated that the activity of ergothio- 
neine, oxidized glutathione, and lanthionine is exerted in a different man- 
yer with each compound, through mechanisms that have not been described 
previously. ‘Tissues cultivated in vitro in chemically defined media, 
therefore, continue to provide a test system for the elucidation of path- 
ways of metabolism not readily detectable in the intact animal. 


SUMMARY 


1. The essential cystine requirement of chick embryonic heart tissues 
cultivated in vitro in completely defined media can be replaced to a limited 
extent by ergothioneine, oxidized glutathione, or lanthionine. 

2. The replacement activity of ergothioneine is dependent upon the 
presence in the medium of t-methionine. No activity was found in the 
presence of p-methionine, and the p isomer suppressed the activity of 
the L form. 

3. The replacement activity of oxidized glutathione was dependent 
upon methionine but was essentially similar with the L, p, or pL form. 

4. The activity of pt-lanthionine was exerted in the presence or absence 
of methionine. 

5. In the presence of L-cystine, ergothioneine or oxidized glutathione 
failed to replace the supplementary methionine requirement, but partial 
replacement was effected by pi-lanthionine. 


We wish to acknowledge our indebtedness to Miss J. Gagnon, Miss D. 
McKay, Mrs. 8. Papineau, and Miss P. Robert, whose capable assistance 
made the completion of this work possible. 
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THE METABOLISM OF SERUM PROTEINS 


I. THE TURNOVER RATES OF RAT SERUM PROTEINS* 


By HENRY JEFFAY anno RICHARD J. WINZLER 
With THE TECHNICAL ASSISTANCE OF JEAN S. DONNELLY 


(From the Department of Biochemistry, College of Medicine, University of 
Illinois, Chicago, Illinois) 


(Received for publication, September 9, 1957) 


Previous reports (1, 2) have shown that the process of amino acid reutili- 
zation introduces a major source of error when labeled amino acids are 
used in the study of the turnover rates of plasma proteins. The use of 
biosynthetically labeled proteins (3-6) decreases this error considerably. 
The use of iodinated proteins circumvents the problem of amino acid re- 
utilization but leaves doubt as to whether or not the iodinated plasma pro- 
tein is metabolized in exactly the same manner as the naturally occurring 
ones. This paper is concerned with measurement of half lives and re- 
placement rates of the electrophoretic fractions of rat serum proteins with 
use of both orally administered L-methionine-S** and intravenously ad- 
ministered labeled plasma protein. The results show a spuriously long 
half life when labeled methionine administered orally is used to study the 
turnover rate. Shorter and more accurate values for the half life of plasma 
proteins are obtained when biosynthetically prepared labeled proteins are 
administered intravenously. 


Methods 


In the studies involving free methionine, 100 yue.' of L-methionine-S*® 
were given orally to Holtzman rats weighing about 200 gm. In the studies 
on the turnover of preformed proteins, approximately 8 X 10° counts of 
an S**-labeled plasma protein (0.5 to 5 mg.) were injected intravenously or 
intraperitoneally. At various time intervals 1 ml. blood samples were 
taken by cardiac puncture, and 0.2 to 0.4 ml. of the serum was subjected 
to paper electrophoresis (conditions: 23 X 46.5 em. Whatman 3 MM 
paper, pH 8.6, 0.05 m barbital buffer, 8 ma., 150 volts for 18 to 24 hours). 
A small strip of the paper was cut off, quickly dried, and stained with 
brom phenol blue to locate the protein bands on the major portion of the 
paper. The center portion of each protein band on the still moist, un- 
stained paper was eluted by allowing 0.05 m sodium bicarbonate to flow 


* This work has been completed under Arctic Aeromedical Laboratory contract No. 


AF 18 (600) 579. 
1 Obtained from the Abbott Laboratories, North Chicago, Illinois. 
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down the hanging paper strip and then receiving the eluting solution in a 
beaker beneath the paper. A portion of the eluate was placed on an alu- 
minum planchet previously coated with a very thin film of a silicone oil 
and allowed to dry in air. The function of the oil was to prevent the pro- 
tein solution from ‘“‘creeping over” the edge of the planchet during drying 
and to insure a uniform distribution of the protein over the planchet. 
When dry, the planchet was counted. All counts were corrected for back- 
ground, self-absorption, and S*® decay before calculation of specific activi- 
ties. The remaining solution was diluted and analyzed for protein by the 
method of Lowry et al. (7). Specific activity was expressed as the counts 
per minute per mg. of protein. 

Preparation of Labeled Plasma Proteins—A rat fasted for several hours 
was given 5 mc. of S** yeast protein’ by stomach tube. 8 hours later the 
animal was exsanguinated by heart puncture. The serum was subjected 
to several paper electrophoreses and the separated protein bands were 
eluted this time with saline, as described above. ‘The appropriate solu- 
tions were combined, dialyzed, lyophilized, and diluted to known volume. 
Before injection of this preparation, a small portion was subjected to the 
same analysis as described above to determine the concentration and spe- 
cific activities of all the serum proteins present in the ‘‘pure”’ labeled 
protein preparation. In most instances approximately 90 per cent of the 
protein and radioactivity had the expected electrophoretic mobility. All 
of the calculations in this paper have been made according to the amount 
and specific activity of the electrophoretic component injected rather than 
the total protein injected. 

Method of Calculation—In the studies with biosynthetically labeled pro- 
teins, the initial dilution of the administered protein by the body pools was 
obtained by extrapolating a plot of the log specific activity versus time to 
zero time. Calculation of exchangeable pool size, turnover time, and pro- 
tein replacement rates was made by the relations cited by Tarver (1). 


(specific activity of injected protein/ specific activity of plasma protein at 
t = 0) X mg. injected protein 


am. body 


The turnover time, 7',, would be the time required to synthesize an amount 
equal to one pool size, or 


= X — = 


and the amount of protein formed per unit of time, the replacement rate, 
R, is 
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where P = the pool size in mg. per gm. of body weight. 7, = the turn- 
over time, the time required to synthesize an amount equal to one pool 
size: (} = the biological half life obtained from log specific activity versus 
time curves. FR = the replacement rate in mg. per hour per gm. of body 
weight. 


Results 


Pool Size—The pool sizes of the several circulating serum proteins calcu- 
lated from the intercepts of Figs. 1 and 2 and the amounts of proteins in- 
jected are shown in Table I. These experimental values are in reasonable 
agreement with the amounts calculated, assuming? that 7 per cent of; the 
body weight is blood containing 7 per cent proteins with a distribution of 


TABLE I 
Turnover Rates of Electrophoretic Rat Serum Protein Fractions 


, oral methi-| _ #4: intrave- ' Estimated | Repla 
Protein fraction labeled Pool size — 
Albumin............| 2.55 3.7 3.1 2.7 0.027 
a,-Globulin.......... 2.0-7 0.6 0.5-2.7f 0.025 0.01-0.09t 
a2-Globulin......... 2.0-7 0.49 
8-Globulin...........| 2.0-5 0.5f 0.49 0.036f 
y-Globulin...........| 2.0-8 5.0 1.5 0.98 0.011 


* See the text for assumptions made in this estimation. 
t See the text for a discussion of these results. 


55 per cent albumin, 5 per cent a;-globulin, 10 per cent a2globulin, 10 per 
cent B-globulin, and 20 per cent y-globulin. The values so calculated are 
shown in the fifth column of Table I. The measured values for the a-globu- 
lin are not accurate for reasons discussed below. 

Turnover Rate Determinations with Orally Administered Methionine-S**— 
The results with orally administered labeled methionine show that the 
theoretical first order decay curve is not obtained for any of the plasma 
proteins. This is shown for the case of albumin in Fig. 1. This curve is 
interpreted as evidence that reutilization of labeled amino acids occurs for 
the later synthesis of the plasma proteins from a free amino acid pool of 
relatively high specific activity. The apparent half life was found to vary 
with time and, at best, only an approximation of the average half life value 
can be made. 

Turnover Rate Determination with S**-Labeled Plasma Proteins—When 


* Values commonly obtained in this laboratory with this strain of rats. 
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labeled albumin, a;-globulin, or y-globulin was injected, the per cent of 
radioactivity disappearing from the vascular system per unit of time was 
found to be constant over the entire experimental period and a linear 
curve resulted when log specific activity was plotted against time. From 
these lines (Figs. 1 and 2) the half lives, pool sizes, and replacement rates 


of the fraction are readily calculated (see Table I). 


1000+; 
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Fig. 1. Rate of disappearance of radioactivity from rat serum albumin. Curve A, 
100 ue. of L-methionine-S** given orally ; Curve B, 3 to7 mg. of albumin-S** containing 
approximately 134,000 c.p.m. per mg. of albumin injected intravenously. 


We found, as did Abdou and Tarver (8), that animals receiving the 
labeled protein intraperitoneally lost the radioactivity from the vascular 
system at the same rate as those that received the injection intravenously. 

Turnover Rate of Serum Albumin—aAs can be seen from Fig. 1 and Table 
I, the labeled albumin, when injected into a recipient rat, disappears from 
the blood in an exponential manner with a half life of 3.7 days. The av- 
erage pool size was 3.1 mg. of albumin per gm. of body weight for the three 
animals, with a replacement rate of 0.027 mg. per hour per gm. of weight. 

Turnover Rate of Serum y-Globulin—The results of the turnover measure- 
ment made when labeled y-globulin was injected are shown in Fig. 2 and 
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in Table I. This group of proteins appeared to have the slowest turnover 
rate, as measured by the biological half life, 5.0 days, or by the replacement 
rate, 0.011 mg. per hour per gm. of body weight. The pool size was 1.5 
mg. per gm. of body weight. 


3007% 


B-Globulin 
l) t8=O.5 days 
14=8.0 days 


y-Globulin 
tt= 5.0 


Specific activity (CPM/mg. protein) (Log) 
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Time (Oays) 
lia. 2. Typical experiments showing the disappearance of radioactivity from the 
various electrophoretic globulin fractions after intravenous administration of 0.5 to 
2 mg. (approximately 100,000 c.p.m. per gm. of protein) of the indicated labeled pro- 
tein. 


Turnover Rate of B-Globulin—When £-globulin-S* was injected and the 
rate of disappearance of radioactivity from the blood measured, the the- 
oretical exponential straight line was not observed but, as Fig. 2 shows, a 
curve, indicating that there are apparently several rates of disappearance. 
One may assume that reutilization of isotope is the cause, and then resolve 
the curve into an initial straight line “die-away”’ function, the later portion 
of the curve being disregarded for turnover calculations. In this case a 
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half life of 0.5 day, a pool size of 0.7 mg. per gm. of rat, and a 6-globulin 
replacement rate of 0.036 mg. per hour are calculated. On the other hand, 
if several different proteins are present and are turning over at different 
rates, the resolution of the curve into a series of straight lines might repre- 
sent the turnover of the several components. The curve has been re- 
solved into two lines. The initial steep slope may represent the predom- 
inant influence of rapidly regenerating proteins in the early stages of the 
measurements. The second line, with a more gradual slope, may be due 
to the slower regenerating proteins of the 6 fraction. Since the amount 
of “fast turning-over” and ‘slow turning-over” 8-globulin in the injected 
sample would have to be known for calculation of the individual pool sizes 
and replacement rates, and this information is presently unavailable, we 
cannot calculate either the pool sizes or replacement rates with any assur- 
ance. If the curve represents the turnover of at least two components in 
the fraction, then the half life of the faster ‘‘turning-over” protein is 0.5 
day and the slower “‘turning-over”’ protein, 2 to 5 days. 

Turnover Rates of a;-Globulins—As can be seen in Fig. 2, the turnover 
rates of the a;-globulins must be very rapid, the measured half life being 
0.6 day. The calculations of pool size and replacement rates obtained in 
this study were less satisfactory than those obtained in the albumin or 
y-globulin studies, in that the pool size showed variations from 0.5 to 2.7 
mg. per gm. of body weight and the replacement rates from 0.01 to 0.095 
mg. per hour per gm. of body weight. The fact that a,-globulin free from 
albumin is quite difficult to isolate by paper electrophoresis is probably a 
major factor in our inability to determine accurately the turnover rate of 
this fraction. 

Turnover of a2-Globulins—The behavior of the injected a2-globulin in 
this series of experiments was most surprising. It was found that the 
initial activity of the a2 fraction was far lower than that expected from the 
amount of labeled protein injected, and that there was a period of rising 
activity followed by an exceedingly rapid loss of radioactivity from the 
fraction. No radioactivity was found in the a-globulins after 6 days, 
whereas radioactivity was found on the 12th or 16th day after injection of 
the other fractions. From the data of Fig. 2, it is clear that no turnover 
data could be calculated for the a fraction. 

Incorporation of Radioactivity from Labeled Albumin into Various Globu- 
lins—In the albumin preparation injected, only 93 per cent of the counts 
was labeled albumin, the remaining 7 per cent of the counts being labeled 
a- and 6-globulins. By assuming an average pool size and half life, as de- 
termined in the other sections of this report, a theoretical curve for the 
“die-away”’ plot of the various globulin fractions was constructed, also as- 
suming no new radioactive synthesis of globulin from the labeled amino 
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acid pool after the breakdown of the labeled albumin and no conversion 
of the labeled albumin directly to labeled globulin. These are seen in 
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Fig. 3. Rate of disappearance of radioactivity from injected albumin-S*5 contain- 
ing small amounts of a- and 8-globulins-S** and the incorporation of some of this 
activity into the various globulin fractions. The solid lines represent the observed 
radioactivity in the various plasma proteins. The dotted lines represent the calcu- 
lated values, theoretically expected, no incorporation of the label from the albumin 
being assumed. It can be seen that more radioactivity was observed in the globulins 
than can be accounted for in the preparations injected (see the text). Exptal., experi- 
mental; Theo., theoretical; i.v., intravenous. 


Fig. 3 as the dotted lines. The observed values, although somewhat 
erratic, all lie above the theoretical curve. 

It is evident, therefore, that radioactive amino acids from albumin ap- 
peared in the globulin fractions. 

Incorporation of Radioactivity from Labeled Globulin into Albumin Frac- 
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tion—Theoretical curves for the expected rates of disappearance of radio- 
activity from the various labeled fractions occurring as “impurities” in the 
injected globulin preparations were also constructed as described above. 
When £-globulin (92 per cent) was injected, more radioactivity was found 
in the a;, a, and y fractions than could be accounted for, normal 
turnover and no incorporation of S** from the 8-globulin or its breakdown 
products being assumed. Although no radioactive albumin was injected 
with this fraction, some activity was found in the albumin fraction. This 
indicates that the label from the B-globulin, by some mechanism, is in- 
corporated into the other globulin fractions and albumin. Space does not 
allow the presentation of all the data obtained, but in general it can be 
stated that the injection of any radioactive globulin leads to the labeling 
of the other globulin fractions as well as the albumin fraction. 


DISCUSSION 


It is evident from Fig. 1 that reutilization of orally administered S*- 
methionine is so great as to preclude accurate estimates of metabolic ac- 
tivity of plasma proteins, a conclusion also reached by previous workers 
(1-6). However, the present work and that of other investigators (3-6) 
show that the use of a labeled protein circumvents this difficulty and leads 
to more accurate values for turnover rates. 

Our results show that the y-globulins turn over more slowly than any 
other plasma proteins, an observation in agreement with previous reports 
(9, 10). 

The study of the turnover of a- and 6-globulins requires further investi- 
gation. The deviation of the experimental curves for 6-globulin from 
those expected could be explained by assuming that, after catabolism of the 
B-globulins, labeled amino acids reenter newly formed 8-globulins. Such 
reutilization does not appear important in the turnover of albumin or 
y-globulin, and it seems more likely that the 6-globulin fraction is a mix- 
ture of proteins turning over at different rates. The heterogeneity of the 
B-globulin fraction is well known. Methods for the routine separation of 
the proteins in this fraction will have to be accomplished before the estima- 
tion of the pool sizes and replacement rates can be adequately determined. 
In the meanwhile, however, approximate half life values are 0.5 day for 
the faster turning over 6-globulins and 2 to 5 days for the less active pro- 
teins. 

The a;-globulins have a rapid rate of turnover. The half life is approxi- 
mately 0.6 day, the pool size varied from 0.5 to 2.7 mg. per gm. of rat, and 
the replacement rate was in the range of 0.01 to 0.09 mg. per hour. How- 
ever, as indicated earlier, there must be a large error in the determination 
of these figures, and at best they are to be considered approximations. 
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When the a-globulins-S* were injected intravenously, the radioactivity 
disappeared so rapidly that even the 24 hour sample had only a small 
fraction of the injected activity. This low activity level persisted for a 
few days and then disappeared completely from the isolated a2 fraction 
after the 4th or 6th day. This behavior suggests that a sequestration of 
components of the a:-globulins in some body compartment may occur. 
It is also evident that a2-globulin of higher specific activity would have to 
be injected in order to measure their turnover rate and distribution. 

The observation of Maurer and Muller (11) that radioactivity from 
intravenously administered §*5-labeled rat albumin is later incorporated 
into the various globulin fractions has been confirmed. The data presented 
also indicate that radioactivity from a labeled globulin fraction appears 
in the other globulins as well as the albumin. 

At least two possible explanations can be offered for appearance of 
labeled amino acids in proteins other than those injected. Firstly, it can 
be assumed that the labeled protein breaks down to free amino acids, and 
some of the labeled methionine and cystine, now part of the general amino 
acid pool, is used for the synthesis of the various plasma proteins. Another 
possibility is the more or less direct conversion of one plasma protein into 
another with perhaps only partial hydrolysis to free amino acids. This 
subject will be discussed in more detail in a later communication. 


SUMMARY 


1. It was found that turnover measurements of the electrophoretic 
plasma protein fractions cannot be adequately made when oral methio- 
nine-S*5 is administered. This is probably due to the process of the re- 
entry of the sulfur amino acids from the labeled free amino acid pool into 
the plasma proteins. 

2. Use of isotopically labeled protein allowed for accurate measurements 
of the half life, pool size, and replacement rates of rat serum albumin and 
y-globulin. However, there are certain technical difficulties still present 
in the turnover rate determination of the a- and 8-globulins preventing 
satisfactory assessment of their pool sizes or turnover rates. 

3. Data are presented which show that rat serum albumin has a half 
life of 3.7 days and is replaced at the rate of 0.027 mg. per hour per gm. of 
body weight while the y-globulin fraction has a half life of 5 days and is 
replaced at the rate of 0.011 mg. per hour per gm. of body weight. 
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THE METABOLISM OF SERUM PROTEINS 


Il. THE EFFECT OF DIETARY PROTEIN ON THE TURNOVER OF RAT 
SERUM PROTEIN* 


By HENRY JEFFAY anon RICHARD J. WINZLER 
WITH THE TECHNICAL ASSISTANCE OF JEAN S. DONNELLY 


(From the Department of Biochemistry, College of Medicine, University of 
Illinois, Chicago, Illinois) 


(Received for publication, September 9, 1957) 


It is well established that serum albumin levels reflect more rapidly than 
the total globulin any change in the nutritional or pathological status of a 
patient or experimental animal. ‘Tarver e¢ al. (1, 2), measuring the turn- 
over rate of the total plasma protein, found the rate to be dependent on 
the level of dietary protein. Hubay et al. (3) found with hypoproteinemic 
patients no differences in the turnover of iodinated albumin compared to 
that of the normal subject. More recently Blahd et al. (4), using patients 
with nephrosis, found the turnover rate of iodinated albumin to be de- 
pendent on the state of the nitrogen balance. 

In Paper I of this series it was shown that valid turnover data could 
be obtained for albumin and y-globulin by administering the biosyntheti- 
cally labeled and electrophoretically separated proteins (5). This report 
shows that the turnover rate of the serum albumin is dependent upon the 
level of dietary protein, whereas the turnover of electrophoretic globulin 
fractions is not. 


Methods 


Holtzman rats, initially weighing approximately 200 gm., were fed 
ad libitum a synthetic diet of varying protein content. ‘The animals were 
separated into six groups, each receiving a different level of dietary protein. 
The ration was identical for all the animals except that the casein level 
was varied at the expense of sucrose. The ration (6) contained sucrose, 
casein, corn oil 5 per cent, salts 4 per cent, and complete vitamin B mix in 
corn starch 2 per cent, and each animal received 1 drop of cod liver oil bi- 
weekly. Basically three types of diet were used; one contained inadequate 
protein (either no or 5 per cent casein), a second, adequate protein (12 per 
cent casein), and the third, high or excessive protein (18, 30, or 40 per cent 
casein). 

After 3 days of maintenance on these diets, each group was further 


* This work has been completed under Arctic Aeromedical Laboratory contract No. 
AF18(600)579. 
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subdivided and approximately 1 to 5 mg. of a S*-labeled and electro- 
phoretically fractionated rat albumin, a;-, a2-, B-, or y-globulins were ad- 
ministered intravenously. The labeled proteins were prepared from the 
plasma of rats given S** yeast protein and were fractionated by paper 
electrophoresis as previously described (5). The specific activities of the 
corresponding plasma fractions were determined at intervals for 16 days, 
and the half lives, pool sizes, and replacement rates were calculated as 
previously described. 


Results 


Effect of Dietary Protein on Turnover of Albumin—Table I shows that 
the half life of albumin was shortened and its replacement rate increased 
as the protein intake was raised. The pool size of albumin in mg. per gm. 
of body weight was not significantly different in any of the groups. An 
average biological half life of 4.1 days was obtained for animals on a low 
protein diet, 3.8 days for animals on an adequate protein diet, and 2.1 
days for animals on a high protein diet. The average albumin replace- 
ment rate was 0.019 mg. per hour per gm. of body weight in the low dietary 
protein group, 0.024 mg. per hour per gm. in the adequate diet group, and 
0.050 mg. per hour per gm. on the high dietary protein. 

Only the animals on the 12 per cent casein diets can be considered as 
animals in a steady state. Those on the low protein diet lost 10 to 50 
gm. over the experimental period, whereas those on high protein diets 
gained 15 to 35 gm. The hemoglobin levels and hematocrit values made 
at the start and end of each experiment remained essentially unchanged in 
all animals, except in the low protein group, which showed some depression. 
Plasma protein levels were only slightly reduced in the low protein group 
(7.8 to 6.1 per cent) and essentially unchanged in the other groups. 

Effect of Dietary Protein Level on Turnover of y-Globulins—Table II gives 
data for the turnover of the y-globulin fraction. It can be seen that there 
was no significant difference in the half lives or replacement rates for 
y-globulin when the diet is inadequate, adequate, or excessive in protein. 

Effect of Dietary Protein Levels on Turnover of a- and B-Globulins—Due 
to the rapid turnover of rat a-globulin and certain other technical diffi- 
culties previously discussed (5), the experimentally determined pool size of 
this fraction, and consequently the calculated replacement rates, varied 
over a considerable range. However, a study of the data in Table III 
shows no indication that there is a tendency of a change in turnover rate 
dependent on dietary protein. Turnover rates as reflected in the half 
lives which are reasonably consistent show no significant differences be- 
tween the different groups. Likewise the wide range of values for pool 
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sizes and replacement rates for the a;-globulin does not show any trend with 
levels of dietary protein. 


TABLE 
Effect of Dietary Protein on Turnover Rate of Rat Serum Albumin 
Body weight Pool size of albumins 
Rat No. Diet Half life | Replacement 
Per gm. 
Initial Final Total body weight 
= gm. gm. mg. mg days ght 
3 0 160 121 507 3.2 4.2 0.022 
27 0 176 151 567 3.8 4.2 0.026 
50 0 247 197 458 1.9 3.6 0.015 
51 5 206 196 713 2.8 5.4 0.015 
52 12 262 274 713 2.7 3.5 0.022 
54 12 211 220 734 3.3 3.7 0.027 
55 12 232 229 760 3.3 4.2 0.023 
5 18 175 190 676 3.9 2.3 0.049 
1 30 191 191 713 3.7 2.3 0.047 
2 30 159 175 713 4.5 2.7 0.048 
26 30 176 191 661 3.7 2.0 0.053 
53 40 251 286 678 2.7 1.5 0.052 
TaBLeE II 
Effect of Dietary Protein on Turnover Rates of Rat Serum y-Globulin 
Body weight Pool size of y-globulins 
Rat No. Diet Half life | Replacement 
Per gm. 
gm. gm. mg. me days ght 
8 0 170 137 244 1.4 4.0 0.010 
9 0 171 136 338 2.0 4.9 0.012 
36 0 180 142 272 1.5 5.5 0.008 
37 5 162 140 393 2.4 5.5 0.013 
38 12 181 185 272 1.5 5.0 0.009 
10 18 188 213 284 1.5 5.3 0.008 
7 30 182 199 376 2.1 3.9 0.015 
39 40 190 240 308 1.6 6.2 0.007 


The a-globulins, as in our first experiments, disappeared from the 
vascular system too rapidly to allow accurate determination of the pool 
size, biological half life, and replacement rates. 

The same peculiarities of the turnover of the @-globulin were noted as © 


J 
J 
} 


114 METABOLISM OF SERUM PROTEINS. II 


previously reported. The §-globulin fraction may be composed of a 
mixture of several components having different average turnover times; 
a fast component with a half life of approximately half a day and slower 
components with a half life of 2 to 5 days. 

Since we did not have all the information required, we could not cal- 
culate the replacement rate of the 6-globulin in the different groups. 
However, when a comparison of the log specific activity-time curves for 
the 6-globulin fraction in the different groups was made, no obvious trend 
towards an increased or decreased turnover rate with dietary protein 
levels was seen. | 


TaBLe III 
Effect of Dietary Protein on Turnover Rates of Rat Serum a,-Globulin 
Body weight Pool size of ai-globulin 
Rat No. Diet Half life | Replacement 
: Per gm. 
23 0 199 162 457 2.4 0.70 0.100 
24 0 66 139 186 1.1 0.55 0.058 
41 0 235 160 120 0.5 0.50 0.029 
42 5 236 180 254 1.1 0.60 0.053 
43 12 238 239 214 0.9 0.58 0.043 
44 12 267 259 431 0.6 0.90 0.052 
21 30 188 198 463 2.4 0.65 0.109 
22 30 193 219 400 2.1 0.65 0.120 
45 40 224 286 620 2.7 1.4 0.056 
DISCUSSION 


The outstanding observation of this work is the fact that the turnover of 
albumin is increased at high dietary protein levels. The turnover of 
albumin at low dietary protein intake is slightly lower than at a 12 per cent 
casein, but more experiments are required to establish the statistical 
significance of this difference. 

The most appealing hypothesis for these observations involves the 
assumption that serum albumin serves as the primary source of amino 
acids for the synthesis of other body proteins, either directly or by con- 
tributing to the tissue amino acid pools. Therefore in positive nitrogen 
balance the synthesis of body proteins proceeding over the intermediary 
formation and utilization of albumin would increase its replacement rate 
and decrease its half life. Quantitative calculations support this possi- 
bility. Thus an animal gaining 15 gm. in 16 days would lay down about 
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1.5 gm. of protein, or about 90 mg. of protein per day (assuming protein 
to be 10 per cent of the body weight). 

The daily albumin replacement of a 200 gm. rat in the adequate protein 
group, calculated from the replacement rates, would be 115 mg. per day, 
whereas in the excessive protein diet it would amount to 240 mg. per day. 
The difference (125 mg. per day) is approximately the amount of protein 
laid down in the latter group. 

By the same calculations it would be expected that animals on the pro- 
tein-deficient diet might not be synthesizing as much tissue protein from 
albumin, and therefore the replacement rate should be decreased and its 
half life increased. The experimental results, although not completely 
convincing, are in accord with this concept. If the serum globulins are 
not extensively involved in tissue protein synthesis, their turnover would 
not be expected to be markedly influenced by changes in the nitrogen 
balance. Such considerations emphasize the lack of our basic knowledge 
of what factors control tissue protein synthesis and breakdown. 

The present hypothesis is in accord with the observation of Weech et al. 
(7) and others who have shown that dietary protein deficiency leads to a 
hypoalbuminemia with little change in the serum globulin levels. The 
relation to the observations mentioned above that serum albumin falls 
more rapidly than the globulins in pathological states involving a negative 
nitrogen balance can be apparent only after studies of albumin turnover 
under such conditions. It will be of great interest to determine whether 
the albumin turnover in the negative nitrogen balance produced by fever 
is decreased as in the present studies or is increased, perhaps due to in- 
creased tissue catabolism. 

Certain other possibilities could explain the differential effects of protein 
intake on albumin and globulin turnover. The proteinurea associated with 
high protein diets (8) is quantitatively too low (about 6 mg. per day) and 
consists mainly of globulin (9). Changes in the albumin and globulin 
pool size (10) due to weight loss or gain would not be sufficient to account 
for the differences and should be reflected equally in both groups of pro- 
teins. 

The possibility that the increased turnover of albumin on high protein 
diets is due to ‘‘flooding out” the administered isotope by the dietary 
sulfur amino acid is improbable. Solomon and Tarver (2) and Loftfield 
and Harris (11) failed to show any appreciable change in the turnover 
rates of rat plasma proteins when they attempted to “flood out” the 
radioactivity by feeding large quantities of amino acid or protein. Also 
this explanation presupposes that reutilization of isotope, after initial 
breakdown of the protein, is an important consideration in turnover rate 
as measured by this technique. In earlier work, it was shown that the 
isotope reutilization, if it occurs at all, is minimal. 
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SUMMARY 


1. Serum albumin of rats maintained on low (no or 5 per cent) protein 
diets shows longer half lives and slower replacement rates than that in 
rats maintained in adequate protein nutrition (12 per cent). 

2. Serum albumin of rats maintained on high (30 to 40 per cent) protein 
diets turns over more rapidly than the albumin of rats maintained on ade- 
quate protein nutrition, this faster turnover being reflected in both a de- 
crease of albumin half life and an increased replacement rate. 

3. The turnover rates of the four electrophoretic fractions of serum 
globulins are apparently unaffected by the level of dietary protein. 

4. The physiological significance of the dependence of the turnover rate 
of serum albumin and the lack of such dependence with serum globulins on 
the level of dietary protein was discussed, and the suggestion was made 
that albumin serves as a primary source for the synthesis of tissue proteins. 
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HYDROLYSIS OF MERCURIPAPAIN BY LEUCINE 
AMINOPEPTIDASE WITHOUT LOSS 
OF ENZYMIC ACTIVITY* 


By ROBERT L. HILLT ann EMIL L. SMITH 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders 
and the Departments of Biological Chemistry and Medicine, University 
of Utah College of Medicine, Salt Lake City, Utah) 


(Received for publication, September 23, 1957) 


Leucine aminopeptidase! can hydrolyze peptide bonds adjacent to a free 
a-amino group in small peptides (5, 6) and in larger polypeptides and pro- 
teins (7). The specificity of this enzyme permits studies of the relationship 
between the structure of the N-terminal ends of susceptible polypeptides 
and proteins and the biological activity of these substances. In this paper, 
we present evidence that LAP can remove more than half of the molecule 
of mercuripapain as free amino acids without altering the enzymic activity 
of the mercuripapain when it is reactivated with cysteine and Versene. 


EXPERIMENTAL 


Methods and Materials—LAP was isolated from swine kidney by the 
procedure of Spackman, Smith, and Brown (8) as modified by Hill and 
Smith (7). Activity was estimated at pH 8.5 in Tris buffer containing 
0.005 mM MnCl, with 0.05 m L-leucinamide as substrate (6). The proteolytic 
coefficient (C;) was calculated from the relationship, C; = A,:/, in which 
K, is the first order velocity constant calculated in decimal logarithms, and 
E is protein concentration in mg. of protein N per ml. of test solution. For 
degradation of mercuripapain, all LAP preparations were treated as pre- 
viously described (7). Activation was achieved by incubating the enzyme 
at 40° for 30 minutes with 0.005 m Tris buffer containing 0.005 m MgCl, 
at pH 8.0 to 8.5. The micromolar quantity of LAP in any partially pure 
preparation was estimated with the pure enzyme having a C; = 88. The 
molecular weight of LAP is assumed to be 300,000 (8). 


* This investigation was aided by research grants from the National Institutes 
of Health, United States Public Health Service. Preliminary reports of this work 
have been presented (1-4). 

t Part of this work was performed during the tenure of a Public Health Service 
Fellowship of the National Institute of Arthritis and Metabolic Diseases. 

' The following abbreviations will be used in this paper: LAP, leucine aminopep- 
tidase; Tris, tris(hydroxymethyl)aminomethane; Versene, ethylenediaminetetra- 
acetic acid; BAA, a-benzoyl-L-argininamide; DNP, dinitrophenyl; and MP, mer- 
curipapain. 
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Crystalline mercuripapain was prepared from dried papaya latex by the 
procedure of Kimmel and Smith (9). Papain assays were performed as 
previously described (9), and C; was calculated as described above for LAP, 
Human serum albumin was prepared some years ago by Method 5 of Cohn 
et al. (10). 

Hydrolysis of mercuripapain by LAP was followed with the ninhydrin 
methods of Moore and Stein (11, 12). Because the newer ninhydrin rea- 
gent does not inactivate papain at room temperature (13), color was de- 
veloped immediately after a sample was removed from the reaction mix- 
ture. Amino acid analyses were performed by the column chromatographic 
procedures of Moore and Stein (14) or by a modification of the newer pro- 
cedure of Spackman, Stein, and Moore (15). 


Results 


Degradation of Mercuripapain by LAP—Mercuripapain was used as 
substrate for LAP since mercuripapain is enzymically inactive and can be 
activated only by removal of mercury (9). The conditions for hydrolysis 
were chosen according to studies with other proteins (7). In a typical 
experiment 2.0 mg. of LAP (C; = 40; 0.0031 umole) were activated for 30 
minutes at 40° with 0.005 m MgCl, in 0.01 m Tris buffer at pH 8.5. A 
solution containing 8 mg. (0.4 umole) of mercuripapain at pH 8.0 was 
added, and the mixture was incubated at 40°. Identical solutions lacking 
either LAP or mercuripapain were incubated as controls. Hydrolysis was 
determined by the ninhydrin method on aliquots of each reaction mixture 
at various times after addition of the mercuripapain. Since the ninhydrin 
values are expressed as leucine equivalents (11), the calculated number of 
moles of amino groups liberated per mole of mercuripapain is an average 
value. 

In order to determine activity of the mercuripapain, additional aliquots 
were activated with cysteine and Versene and assayed with BAA as sub- 
strate. The results of a typical experiment are shown in Fig. 1. Over a 
21 hour period, an average of about 20 residues had been removed from the 
mercuripapain. No hydrolysis could be detected in the control reaction 
mixtures which lack either mercuripapain or LAP. The enzymic activity 
of the mercuripapain was not destroyed at any stage of the degradation and 
was identical with the control reaction mixture containing mercuripapain 
and lacking LAP. Although the reaction mixtures contained LAP as well 
as papain, LAP is unable to hydrolyze BAA (6), and it is irreversibly in- 
activated at pH 5 and by cysteine (16) or Versene (6). Thus the experi- 
ment shown in Fig. 1 indicates that the removal of about 20 residues from 
the N-terminal end of papain does not influence its activity towards a 
synthetic substrate. 
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Representative examples of experiments with increased amounts of 
LAP as compared to mercuripapain are presented in Table I. These data 
indicate that extensive hydrolysis of mercuripapain is produced by high 
concentrations of LAP and that all degraded preparations possess essen- 
tially the same molar activity towards BAA as do undigested, control 
samples. It should be noted that several mercuripapain preparations 
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Fic. 1. Rate of hydrolysis of mercuripapain by LAP (Preparation 7, Table I). 
2.0 mg. of activated LAP, C, = 40 (0.0031 umole), were added to a solution of 8.0 
mg. (0.4 umole) of mercuripapain. Identical reaction mixtures lacking either LAP 
or mercuripapain were incubated under the same conditions. Aliquots were re- 
moved for determination of the extent of hydrolysis by a ninhydrin method. The 
results are expressed in moles of amino acid released per mole of mercuripapain. 
Other aliquots were assayed with BAA at pH 5 after activation with cysteine and 
Versene. 


ranging in C; from 0.6 to 2.0 were used in these experiments. In no case 
was the result influenced by the initial level of activity of the mercuripapain 
used. Many different preparations of LAP were used for such experi- 
ments with no difference in the results. The preparation numbers used 
in Table I should be consulted for experiments described later. 

Although these experiments show no alteration in the activity of de- 
graded mercuripapain towards BAA, studies were performed to determine 
the relative activity of degraded papain towards other substrates. For 
the experiment given in Table II, it is evident that no change in C; was ob- 
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served with the synthetic substrates which were tested. Similar experi- 
ments with several other preparations gave the same results. 


TaB_Le 
Hydrolysis of Mercuripapain by LAP 

Mg**-activated LAP (C, = 30 to 70) was incubated at 40° for 24 hours with MP 
at the pH indicated. The resulting molar ratio of substrate (MP) to enzyme (LAP) 
is given. Extent of hydrolysis of MP was calculated from the ninhydrin determina- 
tions as leucine equivalents and these are given in moles per mole of MP. Aliquots 
of each mixture were activated with cysteine and Versene, and the activity was 
measured with BAA as substrate. The activities are expressed as per cent of the 
control activity before digestion. Some of the experiments listed were also used 
for other studies, which are described later. 


MP Residues Relati 
Ci Ci 
moles per mole per cent 

1 165 8.0 55 1.1 21 100 
2 155 8.0 55 1.2 19 100 
3 150 8.0 70 0.64 18 100 
4 145 8.0 60 1.0 21 102 
5 140 8.5 40 0.73 27 SS 
6 140 8.6 55 1.25 29 97 
7 130 8.0 40 1.20 20 99 
s 110 8.0 40 0.59 23 100 
9 130 8.5 55 0.90 28 OS 
10 110 8.5 65 1.2 35 98 
ll 90 8.6 50 0.7 36 100 
12 30 8.5 30 0.7 50 97 
13 40 8.5 45 1.10 50 104 
14 18 8.5 30 0.72 55 102 
15 20 8.5 48 1.0 62 98 
16 15 8.5 60 2.0 70 110 
17 10 8.5 45 1.28 94 94 
18 15 8.5 55 1.15 72 100 
19 10 8.5 45 1.52 90 89 
20 13 8.0 60 1.5 5O 100 
21 10 8.5 45 0.98 96 96 
22 5 8.5 45 1.15 120 99 
23 5 8.5 60 1.20 125 101 


In order to determine whether hydrolysis of a protein substrate by de- 
graded mercuripapain is altered, an aliquot of degraded MP (Preparation 
14, Table I) was incubated at 40° with 40 mg. of human serum albumin, 
containing 0.05 m acetate buffer at pH 5.2, and 0.02 m 2,3-dimercaptopro- 
panol. The hydrolysis of albumin by undegraded and degraded mercuri- 
papain is shown in Fig. 2. Within the limits of these determinations, no 
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alteration in the molar activity of the degraded mercuripapain could be 
found. 

Changes in End Groups of Degraded Mercuripapain—With the DNP 
method of Sanger (23), Thompson (24) has shown that DN P-isoleucine is 
the only a-DNP derivative obtained by hydrolysis of DN P-mercuripapain. 
This has been repeatedly confirmed in the present study with different 
preparations of mercuripapain, as well as with mercuripapain oxidized 


TaBLe II 
Action of Degraded Mercuripapain on Synthetic Substrates 

21 mg. of Mg**t-activated LAP (C, = 60) were incubated at 40° at pH 8.6 with 
14.3 mg. of mercuripapain. Aliquots were removed at intervals over 24 hours for 
determination of the extent of hydrolysis by a ninhydrin method. Additional 
samples were removed, activated with cysteine and Versene, and assayed with each 
substrate. Each assay mixture contained 0.05 m substrate, 0.001 m Versene, 0.05 m 
acetate buffer at pH 5.2, and 0.05 m cysteine. Hydrolysis was estimated by the 
procedure of Grassmann and Heyde (17). C, was estimated according to the initial 
concentration of papain before hydrolysis. 


a-Benzoyl-- Carbobenzoxy-t- benzoxy-L- cin. 
of mercuripapain 
Ci Ci Ci C1 Ci 
moles 
0 2.0 0.59 0.048 0.033 0.044 
29 2.1 0.56 0.048 0.030 0.042 
55 1.8 0.56 0.047 0.024 0.035 
70 2.2 0.52 0.048 0.040 0.042 


* Bibliographic citation for preparation of the compound. 
t These substrates were only partially soluble at the beginning of the experi- 
ment. 


with performic acid (25, 26). It may be expected that new end groups 
should be produced by the action of LAP on mercuripapain. 

Several determinations of the N-terminal residues of degraded mercuri- 
papain were performed (Preparations 1, 9, and 11, Table I). With Prep- 
aration 1, the reaction mixture was adjusted to pH 8.7 to 8.8 and cooled to 
0°. The insoluble mercuripapain was collected by centrifugation in the 
cold and treated with fluorodinitrobenzene. The insoluble DNP protein 
was processed by the usual methods and hydrolyzed with 6 N HCl in an 
evacuated sealed tube for 18 hours at 110° (27). The resulting ether- 
soluble and water-soluble DN P-amino acids were separated on Celite col- 
umns and estimated as previously described (24). The results are given 
in Table ITI. 

It is important to note that DNP-isoleucine, the amino acid which is 
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N-terminal in papain, could not be detected. DNP-aspartic acid, DNP.- 
alanine, and DNP-phenylalanine were present in Preparation 1 but were 
not estimated quantitatively. 6.9 residues of «-~-DNP-lysine were found 
per mole of mercuripapain. This value is consistent with previous obser. 
vations that there are 8 lysine residues in native papain (24, 28) and that 1 
residue of lysine is liberated among the first 19 residues of mercuripapain 
(Table IV). The degraded DNP-mercuripapain was also examined for 
DNP-cysteic acid after oxidation with performic acid (29), and for DNP- 
glycine and DNP-proline after hydrolysis in 12 n HCI (27); no evidence 
for the presence of these DNP-amino acids could be obtained. 
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Fic. 2. Rate of hydrolysis of human serum albumin by papain and by degraded 
papain (Preparation 14, Table I). Extent of hydrolysis was judged by the increase 
in ninhydrin color at 570 mz on aliquots removed at intervals after starting the re- 
actions. 


With Preparation 9, a different pattern of end groups was found. DNP- 
arginine, found in the aqueous phase, could be readily distinguished after 
chromatography on paper in butanol-acetic acid-water (200:30:75) by a 
positive Sakaguchi reaction upon treating the chromatogram with a- 
naphthol and bromine water (30). Chromatography on the formaldehyde- 
Celite column, pH 7, of Bailey (31) also showed a band corresponding to 
DNP-arginine, which gave a positive Sakaguchi reaction. Smaller quan- 
tities of DNP-aspartic acid, DNP-alanine, and DNP-phenylalanine were 
found in the ether phase. ¢-DNP-lysine was not estimated in this experi- 
ment or in that of Preparation 11. It thus appears that the predominant 
end group after degradation to the extent of 28 residues is arginine.’ 


2 These results were previously reported for the N-terminal residues after removal 
of 19 residues (3). Further calculation showed that an average of 28 residues was 
released per mole of mercuripapain. 
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With Preparation 11, DNP-aspartic acid, DN P-valine, and DNP-serine 
as well as traces of DNP-glutamic acid and DNP-alanine were found. 

These results are consistent with the view that LAP does not hydrolyze 
a protein or polypeptide in a uniform manner, although the entire sample 
is extensively degraded (7). In fact, a multiplicity of end groups should 
be expected after prolonged hydrolysis. Attempts to identify the end 


TaB_e III 
Amino Terminal Groups of Degraded Mercuripapain 


Separate samples of degraded mercuripapain, prepared as described in the text, 
were treated with dinitrofluorobenzene and processed by the procedure of Sanger 


(23). 


—~ 


Moles of 
Prepara- | Hydrolysis of DNP protei DNP-amino acid 
tion No. rada- y protein -amino ac of DRP = 
tein 
Ars. 
1 21 6n HCl 18 DNP-Asp + 
DNP-Ala + 
DNP-Phe + 
«-DNP-Lys 6.9 
6 “ oxidized 18 DNP-CyS0O;H 0 
e-DNP-Lys 6.3 
12 n HCl 16 DNP-Gly Trace 
DNP-Pro 0 
9 28 6 wn HCl 24 DNP-Asp 0.08 
DNP-Ala 0.04 
DNP-Phe 0.21 
DNP-Arg 0.50 
11 36 6 wn HCl 24 DNP-Asp 0.38 
DNP-Val 0.31 
DNP-Ser 0.18 
DNP-Glu Trace 
DNP-Ala 


groups of mercuripapain preparations degraded more than 36 residues were 
not performed since the amount of LAP needed to hydrolyze mercuripapain 
to this extent would interfere with the DNP analysis. Moreover, deter- 
mination of the large number of expected end groups would not contribute 
to any understanding of the structure of mercuripapain. 

Analysis pf Amino Acids Released from Mercuripapain—The amino acids 
liberated frbm mercuripapain by LAP have been examined in experiments 
in which the extent of degradation varied from 19 to 70 residues per mole. 
In order to describe preparations which have been degraded to various 
extents, an abbreviation system is employed. Thus, mercuripapain-19 
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(or MP-19) refers to a preparation degraded an average of 19 residues from 
its N-terminal end, mercuripapain-36 to one degraded an average of 36 
residues, etc. 


TABLE IV 
Amino Acids Liberated from Mercuripapain by LAP 


Different mercuripapain (MP) preparations were degraded by LAP to the extent 
indicated. The liberated amino acids were separated from the reaction mixture by 
dialysis, and the dialysates were concentrated to dryness, dissolved in a known vol- 
ume of buffer, and analyzed by ion exchange chromatography. Special features 
of the analyses are discussed in the text. 


Mercuripapain, moles per mole 
Prepara- Prepara- | Prepara- | Prepara- | Prepara- Intact 
tion 2 tion 2 tion 11 tion 12 tion 18 papain 
Cysteic acid.................. 0.2 + 1.1 1.1 6 
Aspartic acid................. 1.0 1.0 2.7* 6.1* 4.1 17* 
0.9 0.9 1.7 2.1 2.8 7 
Serine + asparagine.......... 2.5 2.0 2.9t 5.4f 7.1 lf 
Glutamic acid................ 1.1 1.0 2.2° 6.9* 9.2 17* 
ow 2.2 2.1 4.4 5.0 6.7 23 
2.0 2.0 4.3 6.8 9.2 14 
1.9 1.8 3.1 3.1 4.5 15 
1.0 1.0 1.9 2.5 6.4 9 
1.3 1.3 2.5 4.2 6.0 9 
0.7 1.3 1.9 1.6 2.7 17 
Phenylalanine................ 0.7 0.7 1.0 1.0 1.2 4 
0.9 1.0 2.0 1.9 4.4 9 
1.1 1.0 1.3 4.2 6.6 8 
Tryptophan. 0.0 0.0 0.7 + 1.0 5 


* The values include amounts of these amino acids liberated as such, as well as 
those derived from their respective amides since an aliquot was treated with HCI. 
t Value for serine only. 


The general procedure was as follows: After the digestion of MP with 
LAP (24 hours), the mixture was adjusted to pH 4 and exhaustively dia- 
lyzed against distilled water. The dialysates were concentrated to dryness 
in vacuo, dissolved in citrate buffer, pH 3, and analyzed by ion exchange 
column chromatography. The results are given in Table IV. The ex- 
periment in Column A was performed with Mnt*-activated LAP, whereas 
the one in Column B was carried out with Mgt+-activated LAP. No 
major difference was found in the two experiments, except for the recovery 
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of 0.2 residue of cysteic acid per mole of mercuripapain. Because it is likely 
that no disulfide bridges exist in papain (32), it 1s probable that the re- 
covered cysteic acid resulted from partial oxidation of liberated cysteine 
by Mnt*. Unfortunately, cysteine cannot be estimated quantitatively 
with the chromatographic columns used; however, cystine was detected 
qualitatively in both experiments. Thus the amount of cysteine released 
in the first 19 residues was not determined but is assumed to be 1 residue 
in view of the stoichiometry of the other liberated amino acids. ‘Trypto- 
phan was not released as judged by its absence from the chromatogram as 
well as by separate colorimetric determinations (33). Despite the agree- 
ment between the results obtained with the Mnt**-activated LAP and 
Mgt+-activated LAP, only the Mgtt-activated enzyme was used in sub- 
sequent experiments.’ 

Proline could not be estimated in these and similar experiments. [or 
some as yet unexplained reason, proline cannot be detected after prolonged 
hydrolysis by LAP. The same problem has been encountered with other 
proteins and peptides, indicating that this is not unique for mercuripapain. 
An aliquot of a reaction mixture containing mercuripapain and LAP was 
removed after 1 to 2 hours and treated with Chinard’s proline reagent 
(34). A positive proline test was obtained but could not be found after 
24 hours digestion. Until the fate of proline, after its liberation from 
peptide linkage, is determined, it is uncertain whether at this stage of di- 
gestion more than 1 proline residue is released by LAP. Inasmuch as 
dipeptides containing proline cyclize readily to diketopiperazines (35), 
proline itself may undergo the same fate under the favorable alkaline con- 
ditions of the enzymic degradation.‘ 

With the buffer systems used, serine, asparagine, and glutamine emerge 
as one peak (MP-19). However, after desalting solutions in this peak 
(36) and chromatographing the material on paper, serine and asparagine 
were present in equal amount, which indicates that 1 residue of each of 
these amino acids was liberated by LAP. It is possible that glutamine was 


3On one occasion, when a Mn*t-activated preparation of LAP was used which 
had not undergone final purification by electrophoresis on a starch column (7), it 
was found that arginine was absent, and an equivalent amount of ornithine could 
be detected on paper chromatograms. It is apparent that this preparation contained 
some kidney arginase which was activated by Mn*t*. In separate experiments, the 
conversion of arginine to ornithine was readily demonstrated in the presence of the 
partially purified LAP preparation. 

‘In one experiment, an aliquot of the mixture of the amino acids released by LAP 
showed no proline on ion exchange chromatography. Another aliquot was treated 
with 6 N HCl for 24 hours at 110° and then processed and analyzed in the usual man- 
ner. Proline could then be readily identified, but no detectable increase in other 
amino acids was found. This problem is being investigated further. 
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released from the mercuripapain but could not be found because of con- 
version to pyrrolidonecarboxylic acid which would not be detected (7). 

From the analyses given in Columns A and B (Table IV) the N-terminal 
19 residues of mercuripapain contain | residue each of aspartic acid, threo- 
nine, serine, asparagine, glutamic acid, leucine, isoleucine, tyrosine, phenyl- 
alanine, arginine, lysine, cysteine, and presumably proline, and 2 residues 
each of glycine, alanine, and valine. It is noteworthy that isoleucine, 
proline, and glutamic acid, which are present in the N-terminal tripeptide 
sequence (24), are among the first 19 residues released. 

With Preparations 11 and 12 (Columns C and D), aliquots were oxidized 
with performic acid (37) and treated with 2 n HCl for 2 hours at 110°, 
This permitted estimation of cysteic acid and total glutamic and aspartic 
acids as well as serine. ‘Tryptophan was estimated from the column analy- 
sis and by colorimetric determination (33) on separate aliquots. The 
values given in Column D are averages of two identical experiments. _ In- 
dividual values agreed within 10 per cent, the largest variations occurring 
with aspartic acid, glutamic acid, serine, and leucine. 

Comparison of Columns C and D with Columns A and B shows increased 
amounts of some amino acids. The recovery of cysteic acid indicates that 
only 1 cysteine residue could have been liberated among the first 19 resi- 
dues. ‘Tryptophan was not found among the first 19 residues, but almost 
1 residue was estimated in the experiment given in Column C. 

Because of the limited quantity of material available in Preparation 18 
(Column E), the liberated amino acids were chromatographed without 
previous oxidation or hydrolysis of the amides. 3 

At this point several features of the composition of papain in its N- 
terminal region may be noted. First, only 1 cysteine residue is found in 
this part of the papain molecule (72 out of 180 residues). Secondly, the 
N-terminal end of papain, which is unessential for enzymic activity, is 
particularly poor in the aromatic amino acids, tyrosine and phenylalanine. 
Another feature is the high content of lysine and arginine in the N-terminal 
region. These results are consistent with observations of Kimmel and 
Smith® concerning the nature of the peptides obtained by tryptic digestion 
of oxidized papain. 

Nature of Degraded Mercuripapain—Since the digestion by LAP involves 
liberation of amino acids from the N-terminal region of mercuripapain, 
the resulting enzymically active fragment should differ in composition from 
intact mercuripapain and should differ only in the amount of those amino 
acids which have been removed by LAP. In order to test this, the composi- 
tion of two preparations of degraded mercuripapain was determined. 

With Preparation 11 (Column C, Table IV), after removal of the amino 


5’ Unpublished studies. 
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acids by dialysis, the MP-36 was isolated by isoelectric precipitation at 
pH 8.7 to 8.8. A portion of this material was oxidized with performic acid 
(37) and hydrolyzed for 48 hours with 6 nN HCl at 110°. The analyses are 


TABLE V 


Analysis of Amino Acids Liberated and Remaining in 
Mercuripapain after Degradation by LAP 


Experiment I* Experiment IIt 
. . Papain 
Iniberated! Left in |Liberated| Left in| [composition 
by LAP (fragment | by LAP (fragment 

Cysteic acid. ......... 1.1 4.8; 0.9 5.0 5.9 5.9 6 
Aspartic acid......... 2.7 13.6 | 5.7 12.1 16.3 17.8 17 
Threonine............. 1.7 4.7) 2.5 4.3 6.4 6.8 7 
2.9 8.2]; 2.4 7.8 11.1 10.2 11 
Glutamic acid......... 32.3 12.6 6.0 11.2 14.8 17.2 17 
4.4 15.6 5.1 18.3 20.0 23.4 23 
4.3 9.2; 5.1 8.3 13.5 13.4 13 
3.1 12.7 | 2.8 9.2 15.8 12.0 15 
Isoleucine............. 1.9 7.0} 2.4 4.0 8.9 7.3 9 
s 2.5 7.9 | 3.5 5.8 10.4 9.3 9 
1.9 10.3 12.2 17 
Phenylalanine.........| 1.0 3.2] 1.1 2.6 4.2 3.7 4 
2.0 7.8 | 2.0 6.0 9.8 8.2 
Cen 1.3 5.6 4.2 5.6 6.9 9.8 
Histidine. ............ 0.0 1.0; 0.0 0.8 1.0 0.8 1 
Tryptophan........... 0.7 5 

Total residues....... 34 124 47 108 158 155 180 

Corrected total. .... 172§ 178§ 


* After digestion of the mercuripapain, the liberated amino acids were collected 
by dialysis and estimated. The residual mercuripapain was collected by isoelectric 
precipitation, oxidized with performic acid, and then hydrolyzed for 48 hours in 6 N 
HCI at 110°. 

t After digestion with LAP, the liberated amino acids were collected by dialysis 
and oxidized with performic acid. Degraded mercuripapain was isolated by chro- 
matography on IRC-50 (Fig. 3, B), oxidized with performie acid, and then hydro- 
lyzed for 48 hours in 6 N HCI at 110°. 

t Assumed value. 

§ For comparison with intact papain, the total number of tyrosine, tryptophan, 
and proline residues has been assumed to be the same as in the original papain. 


given in Table V together with the amino acids removed from the mercuri- 
papain by LAP. The sum of the liberated residues and those remaining 
in the fragment (Sum I) is in reasonable agreement with the composition 
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of papain. The few discrepancies which are not within the approximately 
10 per cent error of a single analysis may be explained readily. The value 
for glutamic acid has not been corrected for any glutamine, liberated by 
LAP, but undetermined because of conversion to pyrrolidonecarboxylic 
acid (7). The low tyrosine recovery undoubtedly reflects losses produced 
by performic acid oxidation (38). Tryptophan was not estimated because 
of the oxidation and acid hydrolysis. Proline was not determined in this 
experiment. When the number of residues liberated by LAP is corrected 
for at least 1 proline and 1 glutamine, a total of 36 residues has been re- 
leased by the enzyme. When correction is made for 4 tryptophan and 8 
proline residues not determined, the number of residues left in the fragment 
is 136. The sum of these two values, 36 + 136, is 172, in good agreement 
with the 180 residues of papain. If a correction is applied for loss of tyro- 
sine on oxidation of the fragment, the more nearly correct value of 177 is 
obtained. 

Since the amount of LAP needed to liberate 36 residues from papain is 
small, possible contamination of the isoelectrically precipitated mercuri- 
papain-36 is negligible. However, with preparations degraded more ex- 
tensively, it is necessary to separate the degraded protein from LAP. 
This has been accomplished by chromatography on IRC-50 previously 
used for papain (39). 

When IRC-50 is equilibrated with 0.2 m sodium phosphate buffer at pH 
6.3, mercuripapain emerges at about 1.5 column volumes, whereas with 
0.1 m buffer the mercuripapain is not eluted. Because LAP is only slightly 
retarded on the resin at either concentration of buffer, a separation of the 
proteins can be achieved readily. 

Fig. 3, A shows a typical separation of mercuripapain and LAP. 9.2 
mg. of mercuripapain and 16.2 mg. of LAP (C; = 60) in 9 ml. of 0.04 
Tris buffer at pH 8.5, containing 0.005 m MgClo, were exhaustively dialyzed 
against 0.1 m sodium phosphate buffer, pH 6.3. This mixture corresponds 
to the one used for the degradation of mercuripapain by LAP to the extent 
of about 50 residues. However, because the mixture was immediately 
subjected to dialysis with stirring, the LAP should be rapidly inactivated 
by the phosphate, and only slight hydrolysis should have occurred. After 
dialysis, the mixture was concentrated to a volume of about 5 ml. by per- 
vaporation and then again equilibrated with the phosphate buffer by stir- 
ring dialysis. 5.5 ml. of mercuripapain-LAP solution were obtained. 5.0 
ml. of this solution were applied to a 1.3 X 40 em. column containing IRC- 
50 resin equilibrated with 0.1 m phosphate buffer at pH 6.3. 1.3 ml. frac- 
tions were collected at 4 ml. per hour with the aid of an automatic fraction 
collector. Protein was determined on 0.5 ml. aliquots of each tube by the 
ninhydrin method (12). When all of the LAP had emerged (60 tubes), 
the eluting buffer was changed to 0.2 m sodium phosphate at pH 6.3. 
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The buffer change resulted in elution of papain free from LAP as judged 
by the fact that the activity was directly proportional to the ninhydrin 
value. Although it appears that two peaks are obtained with papain, 
they may result from the large excess of LAP chromatographed on the 
same column. It may be noted that a small amount of activity towards 
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Fig. 3. A, IRC-50 chromatography of LAP and mercuripapain. 16.2 mg. of LAP 
(C, = 60) and 9.2 mg. of mercuripapain in 0.1 m sodium phosphate buffer at pH 6.3 
were applied to a 1.3 X 40 cm. column of IRC-50. After 60 tubes were collected, 
the eluting buffer was changed to 0.2 m phosphate at pH 6.3. Protein concentration 
(@) and relative enzyme activity (X) were determined on suitable aliquots. B, 
LAP and MP-50 (Preparation 20) were chromatographed as described above for un- 
degraded material. 


BAA emerged with the LAP. Because LAP is inactive towards BAA, it 
is likely that the large quantity of LAP caused displacement of a small 
amount of papain. It is noteworthy that the LAP is completely inacti- 
vated by treatment with phosphate buffer and subsequent chromatography. 
Previous studies have shown papain to be essentially homogeneous with 
the chromatographic system used here (32). 

In an experiment with degraded MP (Preparation 20), the mixture was 
dialyzed against 0.1 m phosphate buffer at pH 6.3. The free amino acids 
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were concentrated to dryness, oxidized with performic acid, and heated ip 
a sealed tube for 2 hours at 110° with 2 N HCl. The analysis is given jp 
Table V (Experiment II). 

The solution containing LAP and MP-50 was concentrated by pervapora- 
tion and equilibrated with 0.1 m sodium phosphate buffer. An aliquot was 
chromatographed as described above. The results (Fig. 3, B) indicate 
that separation of MP-50 from LAP was obtained, except for a trace of 
papain activity which emerged with the LAP. The agreement between 
ninhydrin color and activity shows that the degraded material is active 
and does not contain a mixture of undegraded papain and inactive frag. 
ments. The degraded material emerges in a different pattern from that 
found with undegraded material, which suggests that the degraded ma- 
terial is a mixture of fragments. 

The isolated MP-50 was oxidized with performic acid, hydrolyzed in a 
sealed tube with 6 n HCl for 48 hours at 110°, processed in the usual man. 
ner, and analyzed (Table V). It is evident that the composition of amino 
acids released by LAP in this experiment is essentially the same as those 
released to give MP-50 in Table IV (Column D). To calculate the absolute 
number of residues of each amino acid in the residual MP, it was assumed 
that 5 residues of cysteic acid remained in the material. This is based on 
the experiments in Table IV, which show that only 1 residue of cysteic 
acid is released at this stage. After correcting for cysteic acid destruction 
caused by oxidation (25), a value for 1 residue was obtained. Accordingly, 
it was found that the material yielded 1 residue of histidine, which is known 
to be present in papain to the extent of only 1 residue and which is not re- 
leased by LAP. The sum of the residues released by LAP and the residual 
amino acids in the fragment are in good agreement with the composition 
of papain, with the exception of tyrosine and proline, already discussed 
above, and tryptophan, which was not determined. 


DISCUSSION 


From the results presented, mercuripapain is extensively degraded by 
LAP in accord with the known specificity of this enzyme. This is shown 
by observations that mercuripapain must be hydrolyzed at its N-terminal 
end, both because N-terminal isoleucine disappears and because new end 
groups are found. In addition, no dialyzable products, other than free 
amino acids, could be detected on ion exchange chromatography. These 
findings are consonant with the knowledge that LAP can liberate amino 
acids only from the N-terminal end of susceptible substrates. Further- 
more, analyses of degraded mercuripapain show an amino acid composition 
which differs from mercuripapain only in those amino acids liberated by the 
action of LAP. 

A major concern in this study has been whether the observed degrada- 
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tion of mercuripapain was the result of autolysis of partially activated 
mercuripapain or the result of hydrolysis of protein in the sample of LAP. 
In the light of several observations, these possibilities appear to be ex- 
cluded. First, the amino acids released from mercuripapain, degraded to 
the extent of 19 residues, bear no relationship to the amount of LAP added 
but are in good stoichiometric agreement with the quantity of mercuripa- 
pain used. Second, although more extensive degradation of mercuripapain 
shows no simple stoichiometry of released amino acids to the amount of 
protein used, the absence of methionine, or its sulfone from oxidized prep- 
arations, and of histidine and the expected low recovery of phenylalanine 
are in accord with the view that the amino acids are derived from mercuri- 
papain and not from LAP.® Third, the activity of LAP is not altered dur- 
ing degradation of mercuripapain. Unpublished studies’ show that the 
activity of LAP is rapidly destroyed by active papain. Furthermore, 
chromatographic separation of degraded mercuripapain from LAP indi- 
cates that no extensive autolysis of mercuripapain has occurred. Chro- 
matography of autolyzed papain reveals a complex mixture of active and 
inactive fragments (32), whereas the agreement between ninhydrin color 
and proteolytic activity in each tube of the chromatographically isolated, 
degraded mercuripapain (Fig. 3, B) indicates that the degraded material 
is fully active and does not contain a mixture of active and inactive frag- 
ments. 

At first glance, a possible interpretation of our findings is that mercuri- 
papain contains a mixture of active and inert protein and that only the 
inert material is being hydrolyzed by LAP. It should be noted, however, 
that crystalline mercuripapain has been demonstrated to be essentially 
homogeneous when examined by ultracentrifugation and electrophoresis 
(39), as well as by end group analysis with the fluorodinitrobenzene method 
(24), and by chromatography (32). In addition, antibody to crystalline 
papain or mercuripapain reveals a homogeneous antigen-antibody system 
which shows a complete precipitability of the protein antigen by antiserum.*® 
Analysis of the relationship between reactive thiol and proteolytic activity 
indicates that mercuripapain preparations may contain variable amounts 
of inactive papain which cocrystallize with active enzyme and behave in 
almost every way like the enzyme itself (32). Present evidence indicates 


6The above discussion applies to mercuripapain degraded to the extent of 72 
residues. Analyses of amino acids liberated from preparations degraded 90 to 120 
residues gave some indication that slight hydrolysis of LAP might have occurred. 
This could be due to partial activation of the mercuripapain by denatured LAP or 
by the large amounts of amino acids present, particularly cysteine. For these rea- 
sons, analyses on the more extensively degraded preparations of mercuripapain are 
not presented at this time. 

7R. L. Hill, unpublished observations. 

®R. K. Brown, B. V. Jager, and E. L. Smith, unpublished studies. 
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that this inactive material is altered only at the active site of the enzyme 
and is not significantly different in other respects. Indeed, as mentioned 
above, the initial activity of the mercuripapain used for degradation by 
LAP did not influence the results of the degradation experiments in any 
way. 

Other examples of the digestion of biologically active proteins by pro- 
teolytic enzymes without impairment of activity have been reported, 
Although Pope (40) observed in 1939 that digestion of diphtheria antitoxin 
by pepsin to produce smaller molecules did not destroy antitoxic activity, 
it has been only recently that digestion of enzymes without loss of activity 
has been claimed. Autolysis of pepsin has been found to give active, 
dialyzable fragments (41). Limited digestion of ribonuclease by carboxy- 
peptidase (42) or by subtilisin (43) has been reported to give active ma- 
terials. Other examples have recently been reviewed by Anfinsen and Red- 
field (44). Indeed, the ribonuclease of spleen has been shown recently to 
have a very low molecular weight (45), possibly in the range of 2000 to 
5000. The findings with the spleen ribonuclease as well as degradation 
studies with larger enzymes should help to dispel the tenaciously held view 
that some arbitrary unit size or minimal molecular weight is essential for 
enzymic activity, any more than it is for hormones or antibodies. 

Although the present studies do not answer the question as to what 
structures of papain are necessary for its catalytic activity and specificity, 
they do demonstrate that the entire molecule is unnecessary for full enzymic 
activity and that at least a half of the papain molecule, namely the N-ter- 
minal region, is dispensable. It is apparent that the active site of papain is 
in the C-terminal region of the molecule and that this region differs in 
amino acid composition from the N-terminal portion. Studies are in 
progress in this laboratory to determine the entire structure of papain 
(26, 46, 47). When these have progressed further, it should be possible to 
correlate the present observations with those obtained by elucidation of 
sequences of peptides obtained by limited breakdown of papain. 

The results reported above indicate that the specificity of papain towards 
either synthetic substrates of different structure or towards human serum 
albumin, does not change when as many as 70 of the 180 residues are re- 
moved. These findings support the view that the specificity of an enzyme 
is a reflection of the events that occur at the catalytic site during interac- 
tion with a substrate and that the interaction must determine not only the 
specificity but the catalytic effectiveness of the enzyme as well. 

Finally, it is of interest that concentrated urea or guanidine solutions 
reversibly inactivate papain,’ indicating that more than the primary struc- 
ture is necessary for enzymic activity. However, it can be concluded that 


°R. L. Hill, H. C. Schwartz, and E. L. Smith, unpublished studies. 
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the covalent features of the N-terminal region do not determine the main- 
tenance of the active, catalytic site. 


SUMMARY 


1. The N-terminal portion of mercuripapain is extensively degraded by 
leucine aminopeptidase (LAP), the extent of degradation depending upon 
the ratio of LAP to the substrate. Although about one-half to two-thirds 
of the 180 residues of mercuripapain can be removed, there is no loss in the 
proteolytic activity of the degraded mercuripapain after reactivation with 
cysteine and Versene. Thus, the active site of papain must reside in the 
C-terminal portion of the enzyme. 

2. The substrate specificity of degraded papain does not change, as 
judged with five synthetic substrates and human serum albumin. 

3. Study of the amino end groups of degraded mercuripapain show that 
the N-terminal isoleucine of mercuripapain has been removed and that 
new end groups have appeared. This is consistent with the known action 
of LAP on peptides and other proteins. 

4. Amino acid analysis of chromatographically separated, degraded 
mercuripapain shows that this material is different from intact mercuri- 
papain only in those amino acids removed by LAP. The sum of the 
amino acids liberated by LAP and those in the residual, degraded mer- 
curipapain is in essential agreement with the composition of native papain. 
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PREPARATION AND SOME PROPERTIES OF CRYSTALLINE 
GLYCOLIC ACID OXIDASE OF SPINACH* 


By NORMAN A. FRIGERIOf anp HENRY A. HARBURY 
(From the Department of Biochemistry, Yale University, New Haven, Connecticut) 


(Received for publication, September 9, 1957) 


Progress in the study of protein-flavin interaction would be furthered 
greatly by the availability of stable, highly purified preparations of some 
of the simpler flavoproteins, preferably ones free from functional metals 
and having as prosthetic group a single molecule of FMN.' The study 
by Zelitch and Ochoa (1) of spinach glycolic acid oxidase led to the ob- 
servation of properties sufficiently advantageous to indicate the desirabil- 
ity of an evaluation of the system in a more highly purified form. The 
purpose of the present communication is to outline a procedure for the 
preparation of the enzyme in the crystalline state, free from detected im- 
purities, and to describe some of the more pertinent properties of this 
material. 


Assay Procedures 


Enzymic Activity—For the rapid estimation of enzymic activity, a modi- 
fication of the dye reduction method of Zelitch and Ochoa (1) was used. 
0.20 ml. of enzyme solution, 0.10 ml. of 0.002 m FMN, and 0.05 ml. of 
0.1 Mm potassium cyanide? in 0.01 mM ammonium hydroxide were incubated 
for 10 minutes at 30° + 1° and then mixed with 2.65 ml. of substrate-dye 
solution at 30°. The absorbancy at 610 muy of the resultant solution was 
followed in a Coleman model 6A spectrophotometer. The enzyme solu- 
tion contained buffer in such amount as to assure that the incubation 
mixture of enzyme, FMN, and cyanide had an ionic strength less than 
0.1 and a pH between 6 and 9. The substrate-dye solution contained 


* This study was supported by grants from the National Science Foundation, the 
Rockefeller Foundation, and the James Hudson Brown Memorial Fund of the Yale 
University School of Medicine. The data in this paper are taken from a dissertation 
presented by Norman A. Frigerio to the Faculty of the Graduate School of Yale 
University in partial fulfilment of the requirements for the degree of Doctor of Phi- 
losophy. 

t Predoctoral Fellow of the National Science Foundation, 1954-56. 

1 The following abbreviations are used: FMN, sodium salt of riboflavin-5’-phos- 
phoric acid (flavin mononucleotide); GAO, glycolic acid oxidase of spinach; Tris, 
tris(hydroxymethyl)aminomethane; DEAE-SF, diethylaminoethy] cellulose (Solka- 
Floc); A., absorbancy. 

2 In the absence of cyanide, metal ions and ‘‘dye oxidases”’ (2) present in partially 
purified preparations catalyze the oxidation of reduced indophenol. 


135 


136 GLYCOLIC ACID OXIDASE 


0.02 m potassium glycolate, 3.5 K 10-5 m sodium 2,6-dichlorophenol-indo- 
phenol, and 0.38 m KH2PO,-K2HPO, buffer® of pH 8.3. The FMN used 
was a product of Hoffmann-La Roche, Inc. Glycolic acid was obtained 
from the Distillation Products Industries and recrystallized before use. 

1 unit of enzyme was defined as 0.2 of the amount which, in 1 minute 
at 30°, caused a decrease in absorbancy at 610 my in a 1 cm. cell from 
0.400 to 0.350. The amount of enzyme in the assay system was kept 
between 1 and 100 units. In determinations of enzymic activity in the 
absence of added FMN, an equal volume of water was substituted for the 
IF'MN solution used in the standard procedure. Except for those instances 
in which it is stated to the contrary, the activity values reported are values 
determined by the dye reduction procedure performed in the presence of 
added FMN. Specific activity is reported in terms of units per mg. of 
protein. 

Enzymic activity was determined also by manometric measurement of 
the rate of oxygen consumption. For assays in the presence of added 
FMN, the reaction mixture consisted of 0.1 m Tris acetate-Tris buffer,’ 
0.01 m potassium glycolate, 2 K 10-4 m FMN, and enzyme sufficient to 
give a consumption of between 5 and 60 ul. of oxygen per 10 minutes. 
The pH was 8.3, and the total volume 2.00 ml. The center well con- 
tained 0.20 ml. of 10 m sodium hydroxide. The activity so determined 
is reported as microliters of oxygen consumed per mg. of protein in the 
first 10 minutes of measurement. 

Protein—The method most extensively used for the estimation of pro- 
tein concentration involved the measurement of absorbancy at 260 and 
280 muy, essentially according to the procedure of Warburg and Chris- 
tian (3). For more highly purified preparations, an approximate cor- 
rection factor was introduced to take into account the absorption by flavin. 
The assumption was made that the absorbancy observed at 450 my was 
due to FMN, and the readings at 260 and 280 mu were corrected accord- 
ingly. 

For preparations of very high purity, protein concentration could be 
calculated from the absorption spectra determined for GAO and its iso- 
lated protein component. In other instances, protein was measured by 


dry weight. 


* Phosphate buffer of this pH was used to keep the conditions of assay as similar 
as possible to those employed by Zelitch and Ochoa (1). The high ionic strength 
reflects the observation that the rate of dye reduction increases with increasing ionic 
strength. 

‘Tris buffer was substituted for the phosphate used by previous workers, when 
early observations with partially purified preparations indicated that a decrease 
in the ionic strength led to an increased rate of oxygen consumption. The effect 
was not observed with highly purified material. 


b 
p 
0 
d 
te 
p 
t! 
P 
ll 
d 
a 
e 
t 
‘| 
Ss 
d 
0 
p 
te 

\ 
t 
a 
| 
‘| 


N. A. FRIGERIO AND H. A. HARBURY 137 


Purification of Enzyme 


In the course of this study, GAO was obtained in highly purified form 
by means of several procedures. The one here described proved the most 
gentle and reproducible of the methods devised. Somewhat greater sim- 
plicity of operation could be achieved by the introduction of alternative 
steps, including some of those employed by Zelitch and Ochoa (1), but 
only at the cost of decreased reproducibility. 

The results obtained with the present procedure still varied appreciably, 
as a consequence of inadequate control of several factors. GAO readily 
dissociates to the free protein and FMN, and such dissociation occurred 
to a variable extent throughout the work of purification. The enzyme 
proved subject to dissociation-aggregation reactions, and the stability of 
the enzyme in aqueous solution decreased significantly with increasing 
purification. Lastly, the nature and history of the spinach used as start- 
ing material were found to be factors of considerable importance. The 
degree of variability encountered is indicated in the summary of results 
given in Table I. 

Starting Material—In the course of the many preparations performed, 
a number of varieties of spinach, grown in different seasons and in differ- 
ent regions of the country, were used. The ease of isolation of GAO and 
the yields attainable appeared to depend greatly on the spinach employed. 
The best results were obtained with the variety known as Long Standing 
Savoy, grown locally between April and September and used within 5 
days from the date of picking. 

Step A, Extraction—From 1 to 4 bushels of spinach (approximately 8 
kilos per bushel) were washed carefully in tap water, rinsed, and drained 
of excess water. The plants were then broken, ground to a fine pulp in 
a K and K grinder,® and pressed at 3000 Ibs. per sq. in. in a hydraulic 
press. The juice (about 800 ml. per kilo of spinach) was cooled immedi- 
ately to 1°. Throughout the remainder of the preparative work, the 
temperature was maintained between 0-1°. All operations were performed 
us rapidly as possible. 

Step B, Ammonium Sulfate Fractionation at Acid pH—The juice (pH 
6.4 to 6.5) was acidified to pH 5.3 with 10 per cent acetic acid. The pH 
was measured with a Photovolt model 125 meter, with temperature set- 
tings adjustable to 0°. After the juice was stirred for 5 minutes, solid 
ammonium sulfate was added slowly, with stirring, to a final value of 
140 gm. per liter. Stirring was then continued for another 15 minutes. 
The heavy precipitate which formed was removed by centrifugation for 
9) minutes at 4500 & g and was discarded. To the supernatant fluid, 


* Manufactured by the Knuth Engineering Company, Chicago. 
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TaB_Le I dee} 
Purification of Glycolic Acid Oxidase* ner 
| Activityt was 
Stept Value Protein Yield T 
Total Specific 
min 
mg. per kg. spinach, per cent suff 
A Maximum 49,000 98 , 000 4.3 tain 
Minimum 9, 800 32,000 1.4 pH 
Average 18,000 58 ,000 3.1 by 
B Maximum 4,200 77,000 39 96 P ‘ 
Minimum 780 26 , 000 13 82 Whey 
Average 2,000 47,000 25 85 ish 
con 
C Maximum 180 54,000 325 97 cou 
Minimum 74 22,000 216 bl Th 
Average 120 34,000 280 66 fou 
D Maximum 130 49,000 625 100 we 
Minimum 31 15,000 332 50 pet 
Average 55 24,000 462 83 . 
col 
1D Maximum 83 27,000 785 100 Th 
Minimum 9.3 7,000 332 52 
Average 31 15,000 | 600 73 x 
to 
F Maximum 22 24,000 2320 OS su 
Minimum 2.5 5,000 973 oA er 
Average 7.9 12,000 1660 69 on 
G Maximum 6.1 6,300 2560 51 ce 
Minimum 0.5 800 1020 25 Li 
Average 2.2 4,100 1850 39 th 
H Maximum 5.4 11,000 2190 99 - 
| Minimum 1.5 2,900 2040 63 
Average 4.1 7,900 2140 75 
* Table I reflects the results obtained in the course of eleven recent preparations, fc 
selected from a total of 55 carried to different levels of purity and involving a variety di 
of purification procedures. The selection of the data presented was of necessity b 
somewhat arbitrary, and the figures given are intended solely as an indication of 
the results routinely attained with the procedures described. The over-all yield te 
of material of maximal activity underwent considerable improvement as experience 
increased, and the results obtained in the latest efforts were well above the aver- S 
ages indicated. 
t The letters correspond to those used in the text. 
t FMN added. 
t 


N. A. FRIGERIO AND H. A. HARBURY 139 


deep brown in color, more ammonium sulfate was added in the same man- 
ner as before, to a total of an additional 80 gm. per liter. Stirring again 
was continued for 15 minutes after completion of the addition. 

The rose-colored supernatant fluid obtained upon centrifugation for 90 
minutes at 4500 * g was discarded, and the precipitate was taken up in 
sufficient 0.02 m Tris acetate-Tris buffer of pH 8.3 to yield a solution con- 
taining approximately 50 mg. of protein per ml. After adjustment of the 
pH to 6.6 with 10 per cent acetic acid, the insoluble residue was removed 
by centrifugation for 60 minutes at 35,000 K g. The Spinco model L 
preparative ultracentrifuge was used for all high speed centrifugations. 

Step C, Ammonium Sulfate Fractionation at Alkaline pH—The green- 
ish yellow supernatant fluid was adjusted to pH 8.3 and to a lower protein 
concentration by the addition of 0.02 m Tris acetate-Tris buffer. In the 
course of this step, the color of the solution changed to a deep brown. 
The optimal protein concentration for the succeeding fractionation was 
found to fall in the range of 5 to 20 mg. per ml., but acceptable results 
were obtained with solutions containing as much as 90 mg. of protein 
per ml. 

To the diluted solution, ammonium sulfate was added slowly and with 
constant stirring, until the formation of a precipitate could be observed. 
This precipitate was removed by centrifugation for 30 minutes at 30,000 
X g, and dissolved in sufficient 0.02 m Tris acetate-Tris buffer of pH 8.3 
to yield a solution of the desired concentration. The solution was then 
subjected to assay. Fractionation was performed in this fashion at in- 
creasing concentrations of ammonium sulfate. The best fractions were 
combined. If the specific activity of the resulting solution failed to ex- 
ceed 250 units per mg., the fractionation procedure was repeated. With 
Long Standing Savoy spinach grown locally during the summer months, 
this was hardly ever required. 

Step D, Separation at Low Ionic Strength—The solution from the pre- 
vious step was dialyzed against continuously flowing 0.001 Mm Tris bicar- 
bonate-Tris buffer* of pH 7.6 until the specific conductance’ of the en- 
zyme solution was 2 X 10-5 ohm~'! cm. or less. The precipitate which 
formed was removed by centrifugation for 20 minutes at 25,000 * g and 
discarded. The supernatant fluid was diluted with 0.001 m Tris bicar- 
bonate-Tris buffer to form a solution with a protein concentration of 5 
to 10 mg. per ml. 

Step E, Fractionation with DEAE-SF—To the diluted, low ionic strength 
solution, there was added, for each mg. of protein present, 0.02 ml. of a 


* The bicarbonate derived from atmospheric carbon dioxide. 
? Measured with an International Instrument Company model R-B3B conduce- 
tivity bridge. 
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suspension (about 50 mg. per ml.) of DEAE-SF* in 0.01 mM Tris acetate- 
Tris buffer of pH 7. The mixture was stirred for about 5 minutes, the 
solid then removed by filtration and discarded, and the filtrate assayed 
for total and specific activity. The pH and the ionic strength of the solu- 
tion were now raised by the addition of 1 mM Tris acetate-Tris buffer of 
pH 8.3, in the amount of a volume 0.01 that of the filtrate, and the entire 
procedure was then repeated. The cycle of operations was continued until 
the specific activity reached a value of approximately 600 units per mg. 

Preparations obtained from fall or winter spinach and which required 
repetition of the ammonium sulfate fractionation at alkaline pH usually 
could not be treated successfully with DEAE-SF under these conditions, 
However, with these preparations, repeated fractionation with ammonium 
sulfate at alkaline pH served as an effective substitute. 

Step F, Fractionation with Calcium Phosphate Gel—The enzyme solution 
was diluted with 0.001 m Tris bicarbonate-Tris buffer of pH 7.6 to give a 
protein concentration of 1 to 5 mg. per ml. A suspension of calcium phos- 
phate gel,® containing approximately 25 mg. of gel per ml., was added to 
the diluted solution in increments of about 0.25 ml. per mg. of protein. 
The resulting mixture was stirred for 5 minutes, the solid then removed 
by centrifugation for about 5 minutes at 4000 X* g, and the supernatant 
fluid assayed for specific and total activity. This sequence of operations 
was repeated until the specific activity, after passing through a maximum 
at about 800 units per mg. with little accompanying loss of total activity, 
dropped sharply to about 150 units per mg. The precipitates obtained 
after the attainment of maximal specific activity were combined and then 
eluted with KH.PO,-K,HPO, buffer of pH 8.3, applied at progressively 
increased concentrations. The fractions with a specific activity of 1500 
units per mg. or greater were combined and subjected to dialysis against 
continuously flowing 0.001 m Tris bicarbonate-Tris buffer of pH 7.6 until 
the specific conductance of the protein solution was 2 X 10-° ohm~! em. 
or less. The procedure was the same as that described previously. The 
bright yellow solution was now subjected to one of two alternative final 
purification procedures, electrophoresis or crystallization. 

Step G, Preparative Electrophoresis—A solution of the protein at a con- 
centration of 5 to 20 mg. per ml. was prepared in 0.01 M histidine, and 
this solution was then dialyzed against 200 volumes of a 0.01 Mm solution 
of highly purified histidine (free base).'° The histidine solution was 
changed frequently, and the dialysis continued until the specific conduct- 
ance of the protein solution was 2 K 10~-° ohm cm.~'! or less, but in no 


8 Prepared by the method of Peterson and Sober (4). 
® Prepared by the method of Keilin and Hartree (5). 
10 Obtained from the Mann Research Laboratories, Inc. 
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case Was dialysis continued for longer than 8 hours. The resultant solu- 
tion was subjected to electrophoresis in a Spinco model H electrophoresis 
diffusion apparatus. 

The rather short period of dialysis and the unorthodox use of a solution 
of very low specific conductance were dictated by the stability character- 
istics of preparations of high specific activity. The employment of a low 
specific conductance permitted the application of electric field strengths 
up to 65 volt cm.~', making it possible to effect an adequate rate of separa- 
tion of components at values of pH near that at which the enzyme dis- 
played maximal stability. Quantitative interpretation of the electro- 
phoretic patterns obtained under these conditions was not attempted. 

The maximal voltage output of the standard power supplies of the model 
H apparatus was insufficient to provide the field strengths desired, and 
accordingly an auxiliary power supply was used. The appropriate volt- 
age setting was determined for each experiment by direct measurement 
of the voltage drop across the lumen of the cell. With the 11 ml. cell 
used in most of the preparative work, from 800 to 1500 volts could be 
applied without incurrence of rates of heat production in excess of 0.13 
watt em.~*. 

Under the conditions employed, material displaying GAO activity and 
a flavoprotein absorption spectrum traveled toward the cathode, while 
inactive material'' moved toward the anode. The enzyme was collected 
periodically from the cell leg adjacent to the cathode, and the electro- 
phoresis continued until significant amounts of active material could no 
longer be obtained. The period of electrophoresis usually lasted from 10 
to 24 hours. Material obtained in this manner frequently displayed a 
specific activity higher than that achieved by any other procedure. How- 
ever, these most active preparations were highly unstable, and the specific 
activity dropped rapidly to values characteristic of enzyme purified by 
crystallization. Attempts to stabilize the material of highest activity by 
concentration of the solution were not successful. 

Step H, Crystallization—To a solution of enzyme of specific activity no 
less than 1500 units per mg., and containing at least 0.75 mg. of protein 
per ml., FMN was added to a concentration of 0.002 mM. Next, a 3.9 m 
solution of ammonium sulfate, pH 8.3, was added, very slowly and with 
stirring, until observation with the aid of a Tyndall cone revealed the 
onset of cloudiness. Stirring was continued for at least 15 minutes. The 
precipitate was then removed by centrifugation for 15 minutes at 4000 
X g, was discarded, and the clear supernatant fluid subjected to dialysis 
against 100 volumes of a solution of pH 8.3, containing 0.002 Mm FMN and 


'! The fraction collected from the cell leg adjacent to the anode usually displayed 
some activity, but the total and the specific activities observed were very low. 
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ammonium sulfate at a concentration identical with that of the enzyme 
solution. After 4 to 6 hours, the ammonium sulfate concentration of the 
dialysis medium was raised by the addition of 1 volume of a 3.9 Mm solution 
of ammonium sulfate, pH 8.3. The procedure was repeated until the con- 
tents of the sac took on the appearance of incipient crystallization. 

The crystals which formed were removed by filtration, and the super- 
natant fluid was then subjected to further dialysis against increasingly 
higher concentrations of ammonium sulfate. Usually up to four fully 
crystalline fractions were collected over a total increment in ammonium 
sulfate concentration of 0.4m. After some 80 per cent of the total activ- 


ity was collected in the form of crystals, further increase of the ammonium 
sulfate concentration resulted in mixtures of crystalline and amorphous 
material. Further crystallization of partially crystalline fractions re- 
sulted in attainment of a higher specific activity, but recrystallization of 
the best fractions was without effect. The crystals had an orange-yellow 
color. They were non-fluorescent. A representative fraction is shown in 
big. 1. 

Storage—Preparations of the purified enzyme were best stored at —5° 
to 2° as a suspension in a 3.2 Mm solution of ammonium sulfate, pH 8.3, 
containing 0.002 mM FMN. 


Preparation of FMN-Free Protein 


A modification of the procedure of Warburg and Christian (6) was used 
to dissociate highly purified GAO to the free protein and FMN. Enzyme 
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Fic. 1. Crystalline glycolic acid oxidase of spinach. 480 x. 
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solution of pH 8.3, containing from 3 to 5 mg. of electrophoretically puri- 
fied or crystalline enzyme per ml., was subjected to careful addition at 0° 
of a 3.9 m solution of ammonium sulfate, pH 8.3, until the appearance of 
a faint precipitate. A solution of 2 M ammonium sulfate, 0.1 m in sulfuric 
acid, was added, rapidly and with vigorous stirring, until a pH between 
2.8 and 3.2 was attained. An equal volume of 3.9 M ammonium sulfate 
solution, pH 8.3, was then added immediately, and the pH of the resultant 
solution adjusted rapidly to pH 8.3 with 5 m potassium hydroxide. The 
precipitate was collected by centrifugation for 30 minutes at 25,000 X g, 
and dissolved in 0.02 m Tris acetate-Tris buffer of pH 8.3. Insoluble ma- 
terial was removed by a second centrifugation for 30 minutes at 25,000 
X 

The product exhibited no activity in the absence of added FMN. With 
FMN added, the specific activity observed was the same as that of the 
GAO used as starting material. The yield varied from 0.69 to 0.95, with 
an average value of 0.85. 

Observations on Stability 

At all levels of purification, GAO was observed to dissociate readily to 
the free protein and FMN, a process reflected in a decline in activities 
determined in the absence of added FMN. This process could be ‘‘re- 
versed” by the addition of FMN, as indicated by the values recorded for 
the ratio of the activities measured in the presence and in the absence of 
added FMN. Zelitch and Ochoa (1) observed this in their work with the 
spinach enzyme, and Kun ef al. (7) have reported a similar behavior for 
the enzyme found in rat liver. Changes leading to a decrease in the activ- 
ity determined in the presence of added FMN could not be reversed. Un- 
der specific conditions and for certain purposes, the stability of GAO was 
found to be quite acceptable. However, for quantitative studies requir- 
ing absence of structural changes in the dissolved protein for periods ex- 
ceeding a few hours, the properties of GAO proved quite unacceptable. 

Solutions—Crude and partially purified preparations could be preserved 
reasonably well at 1° in 0.02 m Tris acetate-Tris buffer of pH 8.3, adjusted 
to ionic strengths of 0.1 or greater. At ionic strengths of this magnitude, 
the activity determined in the absence of added FMN dropped rapidly, 
the more so the higher the ionic strength, but that measured in the pres- 
ence of added FMN decreased considerably more slowly. For example, 
upon assay in the presence of added FMN, a sample of enzyme purified 
through the ammonium sulfate fractionation at acid pH, and containing 
28 mg. of protein per ml., displayed 97 per cent of its initial activity per 
ml. after 2 days, and 89 per cent after 5 days. The activity observed in 
the absence of added FMN dropped to 31 per cent of its initial value in 2 
days, and to 18 per cent in 5 days. Variation in the pH over the range pH 
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7.0 to 8.8 had little effect on the stability observed. Outside this range, 
however, the rate of inactivation increased rapidly. 
Solutions of highly purified enzyme were less stable than solutions of 


II 
Activity of Solutions of Crystalline Glycolic Acid Oxidase As Function of Time 
Single sample of crystalline enzyme stored in solutions of different ionic strengths. 
Protein concentration, 3.00 mg. per ml.; pH 8.3; solvent, solution of 0.02 m Tris 
acetate-Tris buffer and ammonium sulfate, ionic strengths as indicated; storage 
conditions, 1°, in the dark. 


Experiment No. Ionic strength Length of storage | Specific activity® paw apt ~ 
min. unils per mg. 
1 0.10 20 2130 1.00 
Ars. 
6 2020 0.95 
24 1490 0.70 
days 
3 1050 0.49 
5 980 0.46 
10 683 0.32 
20 255 0.12 
40 0 0 
min. 
2 2.00 20 2130 1.00 
Ars. 
6 2130 1.00 
1960 0.92 
days 
3 1630 0.76 
5 1000 0.47 
10 1000 0.47 
20 1000 0.47 
40 1000 0.47 
73 1000 0.47 
170 1000 0.47 
*FMN added. 


partially purified material. The rate of decrease of activity measured in 
the absence of added MN, as in the case of less pure material, was rapid 
and became greater, the higher the ionic strength. More interesting was 
the variation with ionic strength in the rate of change of activity meas- 
ured in the presence of added FMN. Some observations made with solu- 
tions of crystalline enzyme are given in Table II. It may be seen that a 
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high ionic strength served to lower the over-all rate of decrease of activity. 
Furthermore, the behavior recorded for Experiment 2, in which the activ- 
ity fell to 47 per cent of its original value and then remained there for a 
prolonged period of time, was observed repeatedly. A possible interpre- 
tation is offered after the presentation of sedimentation data. 

A number of efforts were made to improve the stability of solutions of 
highly active enzyme, but without success. Possibilities tried included 
the addition to the solutions of bovine serum albumin, various chelating 
agents, sulfhydryl compounds such as cysteine and glutathione, FMN, 
and substrate. 

Suspensions—Crude and partially purified preparations of the enzyme 
could be preserved successfully at —5° to 2° as a suspension in a 3.9 M 
solution of ammonium sulfate, pH 8.3. Although the values recorded for 
activity determined in the absence of added FMN dropped rapidly, loss 
of total activity measured in the presence of FMN was very small, and 
the specific activity of protein remaining soluble in 0.02 m Tris acetate- 
Tris buffer of pH 8.3 often increased. Suspensions of electrophoretically 
purified enzyme and of amorphous enzyme prepared by rapid precipitation 
from solutions of crystalline GAO were somewhat less stable, displaying a 
slow loss with time both in specific and in total activity. Some representa- 
tive data are given in Table III. 

Suspensions of crystalline GAO behaved differently. The specific and 
the total activity of material kept in a solution 3.2 M in ammonium sulfate 
and 0.002 m in FMN, pH 8.3, remained constant for many months, and 
preservation in this fashion constituted the best storage procedure avail- 
able. However, there occurred, over a period of weeks, a slow conversion 
to a relatively insoluble form. This conversion was without effect upon 
the enzymic activity and was unaccompanied by gross changes in crystal- 
line form or in absorption at principal wave lengths. The phenomenon 
was not ascribable simply to a change in rate of solution, but involved a 
decrease in solubility. No more of the poorly soluble material would dis- 
solve in 36 hours than would dissolve in 5 minutes, and reprecipitation of 
the slightly soluble crystals in amorphous form by partial evaporation of 
a saturated solution was without effect. Representative data are given 
in Table IV. 

The FMN-free protein moiety, which failed to crystallize under condi- 
tions similar to those used to prepare crystalline GAO, could be prepared 
in a crystalline form of low solubility analogous to that just described for 
the conjugated protein. A saturated solution of newly prepared crystal- 
line GAO in 0.05 m Tris acetate-Tris buffer, 0.20 m in ammonium sulfate, 
pH 8.3, was allowed to stand in the dark at 1°. Needles of FMN-free 
protein appeared within 6 hours. The specific activity of this material 
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and the ratio of the absorbancies recorded at principal wave lengths were 
the same as those observed with non-crystalline protein prepared from 
crystalline GAO by the procedure described earlier. The solubility in 0.02 
mM Tris acetate-Tris buffer, pH 8.3, however, was only 0.15 mg. per ml. 


TaBLeE III 
Activity of Suspensions of Non-Crystalline Glycolic Acid Oxidase 
As Function of Time 


Suspension medium, 3.9 M ammonium sulfate solution, pH 8.3; storage conditions, 
—5° to 2°, in the dark. 


Activity Specific solublet 
Sample No.* |Length of storage! 
FMN added | FMN not | rMN added | FMN not 
days mg. per ml. units per ml. | units per ml. \umits per mg. \unils per mg. 
1 0 32.6 508 81 15.7 2.5 
528 13.8 215 1.6 15.6 0.1 
2 0 4.95 835 450 169 90 
242 1.22 368 0 300 0 
3 0 5.61 1910 1300 340 240 
5 4.76 1820 91 382 19 
16 4.67 1820 0 389 0 
4 0 0.32 625 625 1960 1960 
189 0.32 565 35 1770 110 
5 0 1.20 2600 2600 2170 2170 
2 1.20 2520 53 2100 44 
5 1.20 2370 0 1970 0 
10 1.20 2260 0 1890 0 


* Sample 1, purified through the ammonium sulfate fractionation step at acid pH; 
Sample 2, purified through the ammonium sulfate fractionation step at alkaline pH; 
Sample 3, purified through the DEAE-SF fractionation step; Sample 4, purified 
through the preparative electrophoresis step and dialyzed against 0.002 m FMN 
before storage; Sample 5, crystalline enzyme reprecipitated in amorphous form. 

t Soluble in 0.02 m Tris acetate-Tris buffer, pH 8.3. 


Lyophilized Preparations—Lyophilization of GAO preparations resulted 
in an initial loss of 30 to 35 per cent in both total and specific activity. 
The remaining activity could be retained at least 6 months. 


Observations on Homogeneity 


By certain criteria, both the electrophoretically purified and the crys- 
talline preparations of GAO behaved as essentially homogeneous systems. 
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At moderate ionic strengths and within the range of pH of maximal sta- 
bility of the enzyme, only a single component was observed after extended 
electrophoresis, and only a single component was seen upon ultracentrifu- 
gation. The slightly soluble forms of the crystalline enzyme and FMN- 
free protein were found to display the solubility behavior of a single solute. 
The only enzymic activities detected were ones ascribable to a single pro- 
tein. Crystal formation was highly regular, and recrystallization did not 


TABLE IV 
Solubility and Activity of Suspension of Crystalline Glycolic Acid Oxidase 
As Function of Time 
Suspension medium, 3.2 M ammonium sulfate solution, 0.002 m in FMN, pH 8.3; 
system for solubility and activity determinations, 0.710 mg. of crystals added to 
0.02 m Tris acetate-Tris buffer, pH 8.3, final volume 0.50 ml.; storage conditions, 
1°, in the dark. 


Length of storage Dissolved protein* Activityt pee 
days mg. per ml. unils per ml. unils per mg. 
0 1.42 2920 2060 
1 1.42 2980 2090 
2 1.39 2860 2060 
6 1.41 2900 2060 
7 1.43 2980 2080 
12 1.34 2730 2040 
15 1.22 2530 2070 
46 0.16 334 2090 
138 0.16 330 2060 
235 0.16 336 2100 


* Undissolved protein could be dissolved fully by the addition of another 4 ml. 
of solvent. The resultant solutions displayed the same specific activities as those 
shown above. 


t FMN added. 


result in increased specific activity. Other evidence, however, indicated 
lack of homogeneity. 

Electrophoresis—Electrophoresis of crystalline or electrophoretically pur- 
ified enzyme conducted at ionic strengths near 0.1 yielded patterns dis- 
playing a single boundary in addition to the salt boundary. Experiments 
were conducted in the Spinco model H electrophoresis diffusion apparatus, 
with use of histidine, glycylglycine, and phosphate buffers at values of 
pH from 6.7 to 8.7. Protein concentrations ranged from 2.4 to 33 mg. 
per ml. Electrophoresis was continued for periods as long as 24 hours. 
Boundary movement under the conditions employed was very slight. 

A current reversal experiment, on the other hand, indicated the existence 
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of heterogeneity. The experiment was conducted in KH2PO.-K,:HPO, 
buffer of pH 7.00, ionic strength 0.10. Protein concentration was 14 mg. 
per ml. Current was reversed after 100 minutes and again after 535 min- 
utes. The reversal of polarity resulted in reversal of boundary spreading. 

The possibility that the observed heterogeneity reflected the formation 
of inactive material from active GAO received support from the results of 
electrophoresis experiments conducted at very low ionic strengths. In the 
electrophoresis at very low ionic strength performed as a preparative step, 


TABLE V 


Electrophoresis at Very Low Ionic Strength of Crystalline and 
Electrophoretically Purified Glycolic Acid Oxidase 


Experiment 1, enzyme, a deteriorated crystalline preparation with an original 
specific activity of 2090; solvent, 0.01 m histidine, pH 7.60; cell size, 11 ml.; cathode, 
adjacent to right cell leg; period of electrophoresis, 1037 minutes. Experiment 2, 
enzyme, a deteriorated electrophoretically purified preparation with an original 
specific activity of 2550; solvent, 0.01 m histidine, pH 7.60; cell size, 2 ml.; cathode, 
adjacent to right cell leg; period of electrophoresis, 232 minutes. 


mg. unils unils per mg. 

1 Input 75.8 144,000 1900 
Fraction from left leg 2.5 1,440 580 

right leg 49.5 100,000 2020 

2 Input 1.47 2,470 1680 
Fraction from left leg 0.19 50 260 

right leg 0.89 2,280 2560 

0.89 1,780 2010 

standing 3 hrs. at 1° 
* FMN added. 


active GAO was observed to travel as a single component toward the cath- 
ode, while inactive material moved toward the anode. When the highly 
active enzyme isolated by preparative electrophoresis was subsequently 
subjected to reelectrophoresis under conditions identical to those used 
during the preparative run, the components identified the first time were 
observed once again. Electrophoresis of crystalline enzyme likewise re- 
vealed the presence of negatively charged inactive material. The amount 
of such material was greater, the greater the degree of deterioration of the 
preparation examined, and the, specific activity of the active GAO fraction 
collected was never greater than that displayed by the enzyme at the time 
of its initial preparation. The results of two representative experiments 
are recorded in Table V. It appears likely, the more so in view of the 


N. A. FRIGERIO AND H. A. HARBURY 149 


data presented below, that the heterogeneity observed upon current re- 
versal and upon electrophoresis at very low ionic strengths reflected only 
the contamination of active GAO with inactive material derived from it. 

U'ltracentrifugation—FElectrophoretically purified and crystalline sam- 
ples of GAO displayed a single boundary upon ultracentrifugation” at 
ionic strengths ranging from 0.02 to 0.10. Experiments were conducted 
at pH 7.2 and 8.5, in Tris acetate-Tris and KH2PO,-K2HPO, buffers. Pro- 
tein concentration ranged from 1.05 to 3.27 mg. per ml. The average 
value calculated" for the sedimentation coefficient at these concentrations, 
corrected to water at 20°, was 7.4 S. 

Ultracentrifugation at ionic strengths ranging from 0.26 to 0.40 yielded 
a very different result. The sedimentation patterns revealed the pres- 
ence of not one, but two components. The slower peak represented 58 
per cent, the faster peak 42 per cent of the total area. Experiments were 
conducted at values of pH from 5.8 to 9.0 in solutions of 0.02 m Tris ace- 
tate-Tris buffer, adjusted to the ionic strength desired. Protein concen- 
tration varied from 1.67 to 10.85 mg. per ml. The average values calcu- 
lated for the sedimentation coefficients at these concentrations, corrected 
to water at 20°, were as follows: for the slower component, 6.4 S; for the 
faster component, 10.5 8. 

In an experiment performed with a partition cell, the solution in the 
portion of the cell above the dividing membrane was removed with a hypo- 
dermic syringe immediately after the sedimentation diagram indicated 
that the more rapidly sedimenting peak had passed the membrane. Both 
fractions were assayed for enzymic activity and protein concentration. 
Each was found to display activity in the presence of added FMN. The 
specific activity of the slower fraction was, however, only a third that of 
the faster fraction. The possibility that the slower component repre- 
sented an inactive species and that the activity ascribed to the slower 
fraction resulted from contamination by the faster fraction is not a likely 
one. The slower fraction displayed no activity in the absence of added 
FMN. The faster fraction, on the other hand, displayed considerable 
activity in the absence of added FMN. Contamination of the slower frac- 
tion sufficient to lead to the activity observed in the presence of FMN 
would have led to a readily detectable activity in the absence of added 
FMN. Observations of absorbancy at 450 my also argued against mix- 
ture of the fractions, for they indicated the absence of conjugated protein 
from the slower fraction. More probably, the two components were two 
active forms of the enzyme, differing from each other in particle weight. 

Solubility Curve—The test of constant solubility was applied to a sample 


12 We are most grateful to Dr. 8. J. Singer for the use of the Spinco model E ana- 
lytical ultracentrifuge. 
13 A value of 0.75 was assumed for the partial specific volume of the protein. 
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of the slightly soluble form of crystalline GAO. A total of 2.56 mg. of 
crystals was suspended in a gradually increased volume of 0.02 Mm Tris 
awcetate-Tris buffer, pH 8.3, at a temperature of 1°. After each increase 
in volume, the suspension was agitated for 10 minutes, and the suspended 
crystals concentrated by centrifugation at 4000  g. The absorbancy 
of the supernatant fluid at 260 and 274 my was then measured in the Beck- 
man model DU spectrophotometer. The results obtained are shown in 
Fig. 2. Analogous results were obtained with the slightly soluble form of 
the FMN-free protein moiety. Each point plotted represents the average 
of at least five separate readings. 
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Fic. 2. Test for homogeneity of a sample of the slightly soluble form of ecrystal- 
line glycolic acid oxidase. Curve A, wave length = 274 my; Curve B, wave length 
= 260 my; light path, 1 cm. 

Fic. 3. Absorption spectra of glycolic acid oxidase (Curves A and A’) and its 
FMN-free protein moiety (Curves B and B’). Curves A and B, concentration = 
0.75 mg. per ml., ordinate on the left; Curves A’ and B’, concentration = 2.50 mg. 
per ml., ordinate on the right; path length, 1 em.; pH 8.3. 


Spectrographic Analysis 


Samples of the conjugated protein and of the protein freed from FMN 
were analyzed at the Argonne National Laboratory with the aid of a 30 
foot spectrograph. No metals were found to be present in concentrations 
exceeding 0.01 gm. atom per mole of bound FMN. 


Absorption Spectra 


In Fig. 3 are presented absorption spectra for GAO and for the FMN- 
free protein portion of the enzyme. Measurements were made with a 
Beckman model DU spectrophotometer. In the determination of the 
spectra of the conjugated protein, care was taken that the solutions sub- 
jected to measurement contained no detectable unbound FMN or FMN- 
free protein. Newly prepared crystalline enzyme was employed. Mother 
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liquor was removed from the crystals by washing with 3.2 M ammonium 
sulfate until the wash fluid displayed essentially no fluorescence, as ob- 
served with a Farrand fluorometer, and it was ascertained that the solu- 
tions examined exhibited the same activity in the absence as in the pres- 
ence of added FMN. The FMN-free protein was obtained from newly 
prepared crystalline GAO in the manner already described. All deter- 
minations of protein concentration were based on the measurement of dry 
weight. The solvent in each instance was 0.02 m Tris acetate-Tris buffer, 
pH 8.3. A temperature of 1° was employed throughout. 

The absorbancy at 450 my of GAO in the reduced state was determined 
also. The reduced GAO was prepared with the use of sodium dithionite 
and was protected from oxygen by means of helium. A, (450 my, 1 cm., 
10 mg. per ml.) was found to be 0.205. Under the same conditions, A, for 
the enzyme in the presence of excess glycolate was found to be 0.447. 


Minimal Molecular Weight and Particle Weights 


Approximate calculations of the minimal molecular weight of GAO were 
made from the differences in absorbancy at 450 my displayed by GAO, 
its protein component, and reduced GAO, and also by spectrophotometric 
and fluorometric determinations of the free FMN obtained upon cleavage 
of the conjugated protein. In the calculation based on the decrease in 
absorbancy at 450 my observed upon reduction of the enzyme by dithi- 
onite, the assumption was made that the decrement reflected solely the 
reduction of FMN and that the difference in molar absorbancy index at 
450 my between the oxidized and reduced enzyme could be equated to 
that between FMN and reduced FMN (8, 9). The calculation based on 
the observed difference in absorbancy at 450 my between the oxidized en- 
zyme and the isolated protein component involved the approximation 
that the preparation of the free protein resulted in no process other than 
the removal of FMN, and that the molar absorbancy index of free FMN 
could be taken for the difference between the molar absorbancy indices 
of GAO and its protein. In experiments in which GAO was dissociated 
and analysis then made for free FMN, it was assumed that the recovery 
of FMN was complete. Despite these various approximations, determi- 
nations made with two samples of crystalline enzyme and two different 
preparations of electrophoretically purified material all gave results within 
the range 66,800 to 71,900. 

To permit calculation of particle weights for the species observed in 
the ultracentrifuge, estimates were made of their diffusion coefficients. 
At ionic strengths of 0.1 or less, sedimentation patterns and free diffusion 
data obtained with the aid of the electrophoresis diffusion apparatus 
yielded an average value for Da,, not extrapolated to infinite dilution, of 
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4.2 * 10-7 em. sec.—'. Diffusion coefficients for the species observed in 
the ultracentrifuge at higher ionic strengths could be calculated only from 
the patterns obtained during ultracentrifugation. The problems inherent 
in securing reliable diffusion data from sedimentation patterns are well 
known. The experimental conditions were those already outlined. The 
average value calculated for the diffusion coefficient of the more slowly 
sedimenting component, at the concentrations employed, was Doo. = 
4.6 X 10-7 cm.’ sec.-'. The corresponding value for the more rapidly 
sedimenting component was found to be 3.7 K 1077 cm.? sec.—!. 

It would appear that the single boundary observed at lower ionic 
strengths represented an equilibrium mixture of the two entities observed 
at higher ionic strengths, the appearance at higher ionic strengths of two 
boundaries reflecting an inverse relationship between ionic strength and 
the rate of interconversion of the components of the mixture. At low 
ionic strengths, the rate of interconversion was so great as to preclude reso- 
lution at the field strengths employed. At higher ionic strengths, on the 
other hand, the rate of interconversion was slowed sufficiently to permit 
effective separation. 

Interconvertibility of the two species observed at higher ionic strengths 
was suggested also by the finding that both were enzymically active. It 
appears reasonable, too, in the light of the particle weights calculated" 
from the sedimentation and diffusion data cited: 140,000 for the more 
slowly sedimenting component, and 270,000 for the faster one. The for- 
mer figure is approximately double, and the latter approximately quad- 
ruple, the minimal molecular weight calculated from the spectrophoto- 
metric and fluorometric data. 

The results of the partition cell experiment suggest the possibility that 
the particle of twice the minimal molecular weight might be less stable 
than that of 4 times the minimal molecular weight. In this connection, 
it is of interest to recall (see Table II) that, when highly purified GAO 
was stored in solution at high ionic strengths, the enzymic activity fre- 
quently was found to drop rather rapidly to a value approximately 47 
per cent of that displayed initially, and thereafter remained at this level 
for prolonged periods of time. The sedimentation patterns obtained under 
conditions of higher ionic strength indicated that the larger particle con- 
stituted some 42 per cent of the total protein. It might be that the initial 
drop in activity observed with solutions of higher ionic strength reflected 
breakdown of the lower weight species of GAO, the residual activity rep- 
resenting that of the higher weight entity. At lower ionic strengths, at 
which interconversion of the two forms was rapid, the breakdown of one 
species should then lead to the disappearance of the other, and, indeed, no 
residual activity such as that seen at higher ionic strengths was observed. 
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According to this view, increase in ionic strength had two effects. It 
served to increase the rate of dissociation of GAO to the free protein and 
FMN, a “reversible” effect in the sense that activity could be restored by 
lowering of the ionic strength and addition of FMN, and it served to sta- 
bilize the enzyme by lowering the rate at which otherwise relatively stable 
particles of weight quadruple the minimal molecular weight were con- 
verted to comparatively unstable particles of weight double the minimal 
molecular weight. 


Enzymic Activity 


Various aspects of the enzymic activity of glycolic acid oxidase prepa- 
rations from different source materials have received considerable atten- 
tion in the studies of previous investigators (1, 7, 10-16). Only a few 
observations are reported here. 

Oxygen Consumption—Newly prepared crystalline enzyme or electro- 
phoretically prepared enzyme of equivalent purity displayed oxygen up- 
take values, determined in the presence of added FMN, ranging from 
2110 to 2220 ul. per mg. per 10 minutes. Use of oxygen rather than air 
as the gas phase led to a 4.5-fold increase in the rates observed. In Ta- 
ble VI are given some oxygen uptake data for representative enzyme sam- 
ples of different composition and concentration, together with the corre- 
sponding values observed by the dye reduction assay procedure. 

Activity As Function of Ionic Strength and pH—With partially purified 
preparations, increase in the ionic strength of the assay system was ob- 
served to lead to decreased oxygen uptake values, but the values observed 
with highly purified preparations were unaffected by changes in ionic 
strength over the range 0.008 to 0.70. Rates of dye reduction, on the 
other hand, were strongly dependent on ionic strength, even in the case 
of the most highly purified preparations (Fig. 4). Curves which relate 
enzymic activity to pH were determined under conditions of constant ionic 
strength with preparations of crystalline enzyme, and were found to agree 
essentially with the results reported by Zelitch and Ochoa (1). 

Specificity—The substrate specificity of the highly purified enzyme was 
found to be the same as that reported previously for partially purified 
material (1). Tartronic acid, p- and L-malic acids, and (+)-, (—)-, and 
meso-tartaric acids, all the kind gift of Dr. J. K. Palmer, were added to 
the list of compounds previously shown not to be acted upon by GAO. 

Electron acceptor action was observed only with 2-electron systems. 
The indophenol dyes, thionine, and methylene blue all acted as oxidants 
in the enzyme-catalyzed reaction. On the other hand, none of the 1-elec- 
tron systems examined underwent reaction. The substances tested in- 
cluded potassium ferricyanide, ferric chloride, 2,3 ,5-triphenyltetrazolium 
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chloride, sodium 12-molybdosilicate, potassium nitrate, and cytochrome c. 
Tests were performed both in the presence and in the absence of cyanide. 
Activation and Inhibition—The effects of a number of metal ions were 


TaBLeE VI 
Oxygen Uptake Values 
Reaction mixture consisted of 0.1 Mm Tris acetate-Tris buffer, 0.01 Mm potassium 
glycolate, 2 X 10-*m FMN, and enzyme as indicated; total volume 2.00 ml., pH 
8.3; center well, 0.20 ml. 10 m sodium hydroxide; gas phase, air; temperature, 30° 
+ 0.05°; substrate tipped in after remainder of components had been incubated for 
15 minutes, and readings begun 5 minutes later. 


Specific activity 
Protein 
Sample No.* concentration of Dye reduction Oxygen uptake 
reaction mixture 

FMN added |FMN not added| FMN added |FMN not added 

y per ml. unils per mg. units per mg. ul. ge ul. 
1 8.0 1710 1230 1770 1230 
2 2.5 2060 1340 | 2110 1380 
10.0 2130 1310 
3 1.8 2090 2090 2120 
3.5 2190 2170 
7.0 2160 2120 
10.5 2140 2130 
14.0 2070 
17.5 2010 
4 2.0 2160 0 2190 0 
6.0 2210 0 
12.0 2140 0 
+) 1.5 2150 1060 2140 1060 
4.5 2110 1090 
13.5 2190 1020 


* Sample 1, GAO purified through the calcium phosphate gel step; Sample 2, GAO 
purified by preparative electrophoresis; Sample 3, crystalline GAO; Sample 4, FMN- 
free protein of GAO, prepared from the crystalline GAO used in this series of meas- 
urements; Sample 5, 1:1 mixture of Samples 3 and 4. 


examined. 0.01 m ferric ammonium sulfate, 0.01 M manganous sulfate, 
0.01 M magnesium sulfate, 0.01 m calcium lactate, 0.01 m zine acetate, and 
0.001 m molybdenum trioxide were each incubated with the enzyme for 
30 minutes at 30°, and the sample was then subjected to assay for enzymic 
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activity by the dye reduction procedure. No inhibition or activation was 
observed. Incubation of GAO with 0.001 Mm cupric acetate for 30 min- 
utes at 30° was without effect on the enzymic activity as determined by 
manometry. 
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Fic. 4. Results of the dye reduction assay procedure as a function of the ionic 
strength of the substrate-dye solution. Each assay mixture contained 16 y of crys- 
talline enzyme. 


VII 


Effects of Iodoacetate, Iodoacetamide, and p-Chloromercuribenzoate on Activity of 
Crystalline Glycolic Acid Oxidase and Its FMN-Free Protein Moiety 

The incubation mixture consisted of inhibitor, 14.4 y of either crystalline enzyme 

or FMN-free protein derived therefrom, 0.025 m Tris acetate-Tris buffer, total vol- 


ume 0.20 ml., pH 8.3; length of incubation, as noted; temperature of incubation, 
30° + 0.1°. 


Specific activity* 
Inhibitor Glycolic acid oxidase | FMN-free protein 
With Without With Without 
inhibitor | inhibitor | inhibitor | inhibitor 
Iodoacetate 0.05 20 1670 2080 1360 2080 
0.20 20 940 | 2080 | 416 | 2080 
Iodoacetamide 0.05 20 1670 2080 1370 2080 
0.20 20 896 2080 438 2080 
p-Chloromercuri- 0.05 20 1810 2080 1750 2080 
benzoate 60 | 1330 1950 1190 1950 
120 785 1740 645 1740 
240 324 1590 286 1590 


*FMN added. 
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Exposure of the enzyme for 30 minutes at 30° to various metal complex- 
forming agents was also without effect. Reagents tested included 0.1 m 
solutions of several Versenes, 0.1 M sodium azide, and saturated solutions 
of orthophenanthroline, 8-hydroxyquinoline, and diphenyldithiocarba- 
zone. Reduction of GAO by glycolate in the presence of orthophenanthro- 
line failed to yield a colored complex (17). 

The rate of oxygen consumption catalyzed by partially purified prepara- 
tions appeared at times to be increased upon addition of cysteine or glu- 
tathione, but no such stimulation was ever observed with highly purified 
GAO. Sodium sulfide was without effect. Jlodoacetate, iodoacetamide, 
and p-chloromercuribenzoate were each permitted to react with crystal- 
line GAO for various lengths of time before assay for enzymic activity by 
the dye reduction procedure. Similar experiments were performed with 
the FMN-free protein moiety of GAO. The rates of inactivation observed 
were slow, and high concentrations of inhibitor were required. Some rep- 
resentative data are shown in Table VII. Less extensive studies of the 
effects of these inhibitors on the rate of oxygen uptake gave similar results. 


SUMMARY 


Glycolic acid oxidase of spinach, a flavoprotein, has been prepared in 
crystalline form, free from detected impurities. The homogeneity of the 
material obtained has been evaluated with the aid of electrophoresis, sedi- 
mentation, diffusion, and solubility studies. Two species of the enzyme 
have been observed, one of particle weight double, the other of particle 
weight quadruple the minimal molecular weight. The stability of the 
enzyme has been found to vary greatly with conditions. Spectrographic 
and spectrophotometric data, and the results of studies with metal com- 
plex-forming agents, indicate that the enzyme as isolated is not a metallo- 
flavoprotein. Only 2-electron oxidation-reduction systems have _ been 
found to act as primary electron acceptor in the enzymically catalyzed 
reaction. 


We appreciate greatly the interest and helpfulness of Dr. I. Zelitch. 
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URINARY METABOLITES OF ADMINISTERED 
19-NORTESTOSTERON E* 


By LEWIS L. ENGEL, JOYCkK ALEXANDER, ann MARGARET WHEELER 


(From the John Collins Warren Laboratories of the Huntington Memorial Hospital of 
Harvard University, Massachusetts General Hospital, and the Department of 
Biological Chemistry, Harvard Medical School, Boston, Massachusetts) 


(Received for publication, July 22, 1957) 


The reported high anabolic (myotrophic) and low androgenic activity 
of 19-nortestosterone and its esters in rodents (1-5) prompted an experi- 
ment to determine whether this substance was useful in human breast 
cancer as a palliative agent free from virilizing effects. As a result of 
this experiment it became possible to study its metabolism! in a human 
subject. 

In view of the absence of the angular methyl group (C-19) 19-nor- 
testosterone might be expected to undergo aromatization to estrogen more 
readily than its methylated homologue, testosterone. In addition, it 
seemed desirable to determine whether the absence of the angular methyl 
group had any effect upon the stereochemical course of the conversion of 
the A‘-3-ketone grouping in this compound to saturated neutral metabolites. 

Urine was therefore collected from a patient before and during treat- 
ment with 19-nortestosterone*® and processed as described below. During 
the period of treatment estrone was detected in the phenolic fraction in 
amounts larger than those found in the control period. The neutral 
ketonic fraction yielded two new compounds which have been identified 
as 19-norandrosterone and 19-noretiocholan-3a-ol-17-one. 


Methods 
Collections 


Urine was collected from a postmenopausal woman with breast cancer 
(G. G., age 67) during control periods and during a period when she was 


* This work was supported by a grant from the National Cancer Institute of the 
National Institutes of Health, Public Health Service (C-1393(C6)), a grant from the 
American Cancer Society, Inc. (H-15D), and a grant from the Jane Coffin Childs 
Memorial Fund for Medical Research. This is Publication No. 917 of the Cancer 
Commission of Harvard University. 

‘Studies of nitrogen and electrolyte metabolism will be reported elsewhere by 
Dr. W. H. Baker. 

? We are grateful to The Upjohn Company for the generous supply of 19-nortestos- 
terone. 
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receiving 50 mg. per day of 19-nortestosterone in aqueous suspension 
administered intramuscularly. 


Hydrolysis of Conjugates and Extraction® 


The steroid conjugates were hydrolyzed by boiling the urine with 15 
volumes per cent of concentrated HCl for 10 minutes for the preparation of 
the neutral fraction (6). The equivalent of 11 days’ urine wasused. The 
equivalent of 2 days’ urine was autoclaved with 15 volumes per cent of 12 
N H.SO, for the preparation of the phenolic fraction (7). The liberated 
steroids were then extracted with ether and processed according to standard 
procedures. The further fractionations of the phenolic fraction were 
made by countercurrent distribution, and analyses were performed fluoro- 
metrically (7, 8). 


RESULTS AND DISCUSSION 
Phenolic Fraction 


The phenolic fractions corresponding to 2 days’ urine each from the 
control and treatment periods were subjected to 65 transfer countercurrent 
distributions in a solvent system consisting of 70 per cent methanol-30 
per cent water and 40 per cent chloroform-60 per cent carbon tetrachloride 
(9). No peaks corresponding to the known estrogens were observed in 
the specimen collected during the control period. In the specimen col- 
lected during the period of 19-nortestosterone administration a component 
with a partition coefficient (A) of 0.16 was present in an amount equivalent 
to 34 y of estrone. Redistribution of this material (forty-nine transfers) 
in @ system consisting of 10 per cent ethyl acetate-90 per cent cyclohexane 
and 40 per cent ethanol-60 per cent water with a phase volume ratio of 
0.5 gave three incompletely separated components with partition coef- 
ficients ((concentration in the upper phase) /(concentration in the lower 
phase)) of 1.6, 2.9, and 8.9 (about 10 y each). Paper chromatography 
(10) was performed on a pool which contained the two more polar com- 
ponents. A zone which reacted positively to both the Zimmermann reagent 
and the Folin phenol reagent (11) was detected. The R, of this material 
was identical with that of pure estrone run on the same chromatogram. 

The cumulative evidence strongly suggests that estrone was present 
in the urine collected during the period of 19-nortestosterone administra- 
tion but was not detectable during the control period. This elevation in 
the urinary level of estrone during therapy is of the same order of magnitude 
as that observed during testosterone administration (12, 13). It thus 
appears that conversions of testosterone and 19-nortestosterone to estrogen 


* The authors wish to thank Mrs. Paul Richardson for the preparation of the uri- 
nary extracts. 
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occur to approximately the same extent in the human and that the absence 
of the angular methyl group does not significantly influence the extent of 
the conversion. This is in striking contrast to the facile aromatization of 
19-nortestosterone by enzyme systems derived from Pseudomonas testo- 


steront (14). 
Neutral Fraction 


The neutral fraction was separated into ketonic and non-ketonic por- 
tions (15), and the ketonic fraction was treated with 1 N methanolic KOH 
at room temperature overnight to saponify acetates. The neutral ketonic 
fraction was subjected to a 504 transfer countercurrent distribution (16) 
in a solvent system composed of n-hexane as the upper phase and 50 
per cent aqueous methanol as the lower phase. Polarographic analysis 
(6) (Leeds and Northrup type E Electrochemograph) of the contents of 
individual tubes from the distribution revealed the presence of two principal 
17-ketosteroid peaks, having partition coefficients of 0.32 and 0.67, 
respectively. By paper chromatography (10) in ligroin-96 per cent 
aqueous methanol and in ligroin-toluene-methanol-water (2:1:7:3), the 
substance having a partition coefficient of 0.32 had mobilities very similar 
to those of etiocholan-3a-ol-17-one, while the second compound (K = 
0.67) was very similar in behavior to androsterone. The two substances 
were crystallized to constant melting point to yield 40 mg. of the less polar 
compound (K = 0.67) and 16 mg. of the more polar substance (AK = 0.32). 
Their properties are summarized in Table I. 

In both compounds, the positive Zimmermann reaction, the reduction 
of the Girard complex at the dropping mercury electrode, and the char- 
acteristic infrared absorption in the carbonyl region (17) provide strong 
evidence that both substances are 17-ketosteroids. The presence of strong 
hydroxyl absorption in both compounds, its disappearance in the chromic 
acid oxidation products, and the appearance of new infrared absorption 
bands at frequencies characteristic of 3-ketones (1720 and 1716 cm.) 
(17) locate the position of the second oxygen function in the two compounds 
at carbon 3. 

The stereochemistry of the A/B ring fusion and of the C-3 hydroxyl 
group now remains to be established. Since neither compound yields an 
insoluble digitonide, it may be presumed that the configuration at C-3 
isa. This conclusion rests upon the assumption that the absence of the 
angular methyl group (C-19) does not influence digitonide formation. 
Control experiments with 38-hydroxy-19-norandrostane or 38-19-noretio- 
cholane derivatives have not been performed. Using the method of optical 
rotatory dispersion, Djerassi et al. (18, 19) have recently established that 
the configuration of the hydrogen atom at C-10 in 19-nortestosterone is 
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the same as that of the methyl group (C-19) in testosterone. It may be 
presumed that no inversion at C-10 accompanies the reduction of the 
A‘-3-ketone system. The infrared spectra of the acetates and failure 
of the free alcohols to form digitonides support the assignment of the 
structure, 19-norandrosterone, to the less polar compound whose acetate 
displays the complex absorption characteristic of axial 3-acetoxy com. 


TaBLe [ 
Urinary Metabolites of 19-Nortestosterone 
19-Norandrosterone 

K* CH;OH) 0.67 0.32 
M.p.,f °C. 153-156f§ 153-156}§ 
degrees +103 +108 
Infrared spectra** 

Hydroxy] absorption + + 

Carbonyl, 1743 1737 
Acetates, infrared spectra 

Hydroxy] absorption 

Acetoxy, cm.“ 1260, 1250, 1240 1240 
Oxidation products 

M.p., °C. Not crystallized 175-178tT 
Infrared spectra 

Hydroxyl absorption 

Carbonyl, cm.~! 1743, 1720 1746, 1716 


* Partition coefficient ((concentration in upper phase)/(concentration in lower 
phase)). 


t Uncorrected. Fisher-Johns apparatus. 
t Recrystallized to constant melting point from acetone-hexane. 
§ The melting point of a mixture of the two compounds was 131-145°. 


|| The authors are grateful to Dr. Roger Jeanloz for assistance with these meas- 
urements. 


q In CHCl. 


** All infrared spectra were measured in CS, solution in a Perkin-Elmer model 
21 instrument with NaCl optics. 


Tt Recrystallized from aqueous methanol. 


pounds (20). By a similar argument, the more polar compound, whose 
acetate has a simple band (1240 cm.-'), can be assigned the equatorial 
conformation and possesses the structure 19-noretiocholan-3a-ol-17-one. 
Both 19-noretiocholanolone and etiocholanolone have slightly more posi- 
tive rotations than their stereoisomers at C-5. 

The assignment of these structures is supported by the observation that 
the less polar compound has about one-third the androgenic activity‘ 


‘ The biological assays were performed by Dr. Paul L. Munson (21) to whom the 
authors wish to express their thanks for permission to quote the results. 
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of androsterone when tested by direct application of the compound to the 
comb of the 1 day-old chick. In contrast, 19-noretiocholan-3a-ol-17-one 
shows only about 1 per cent of the androgenic activity of androsterone. 
The low slope of the dose-response curve is consistent with intrinsic activity 
rather than with contamination with a highly active substance. At a 
similar dose level synthetic etiocholan-3a-ol-17-one itself is essentially 
devoid of androgenic activity. 

Conclusive evidence for the structures of both of these compounds was 
provided by the identity of the infrared spectrum of an authentic sample 
of 19-norandrostane-3,17-dione prepared by chromic acid oxidation of 
19-norandrostan-17B-ol-3-one (22)5 with that of the 3,17-diketone ob- 
tained by chromic acid oxidation of the isolated 19-norandrosterone. 

The ratio of 5a- to 58,17-ketosteroid metabolites of 19-nortestosterone 
is similar to the ratio of 5a- to 58, 17-ketosteroid metabolites of testosterone. 
It thus appears that the absence of the angular methyl group exerts little 
or no influence upon either the dehydrogenation of the 178-hydroxy group 
or the stereochemical course of the reduction of the A‘-3-keto group. 

It is interesting to speculate that 19-noretiocholane-3,17-dione, m.p. 
175-178°, may be identical with the diketone, m.p. 179-180°, prepared 
by Marker et al. (23) from estranediol-B isolated from human non-preg- 
nancy urine. Direct comparison of the two compounds was not pos- 
sible. 


SUMMARY 


Two new 17-ketosteroids, 19-norandrosterone and 19-noretiocholan- 
3a-ol-17-one, were isolated from the urine of a patient after administra- 
tion of 19-nortestosterone. The increased excretion of estrone following 
the administration of 19-nortestosterone is of the same order of magnitude 
as that observed after the administration of testosterone. 


Addendum—lIn a recent note Rapala and Farkas (24) reported the preparation 
of 58, 108-estrane-3,17-dione and showed it to be identical with the estranedione-B 
prepared by Marker et al. (25) by the reduction of estrone. A direct comparison 
of the infrared spectrum of 58, 108-estrane-3,17-dione with that of 19-noretiocholan- 
3a-ol-17-one showed that the two compounds were identical. We are grateful to 
Dr. Rapala for sending us the estranedione. 
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FACTORS INFLUENCING THE EXCRETION OF TAURINE IN 
IRRADIATED RATS WITH PARTICULAR REFERENCE 
TO THE ADRENAL GLANDS 


By E. IRENE PENTZ* 
(From the Argonne Cancer Research Hospital, United States Atomic Energy 
Commission, and the Department of Biochemistry, The University of Chicago, 
Chicago, Illinois) 


(Received for publication, August 26, 1957) 


Kay and coworkers (1) have shown an increased excretion of taurine 
by rats after total body x-irradiation. It has been demonstrated pre- 
viously (2-4) that methionine, cysteine, and glutathione are precursors 
of taurine. In view of the well established effect of irradiation on sulfhydryl] 
groups described by Barron and his associates (5-7), it seems probable 
that the increase in the excretion of taurine is due to increased oxidation 
of sulfhydryl compounds. This view is strengthened by the report of 
Aebi et al. (8), who failed to find an additional increase in taurine excretion 
by rats that had been injected with cysteine and then subjected to 500 r. 
of total body radiation. The rationale for this was that the injected cysteine 
spared the previously existing supply of sulfhydryl groups. 

Since both the thymus and spleen may be destroyed by irradiation, it 
was of interest to determine whether removal of these tissues would alter 
the taurine excretion values after exposure to x-radiation. 

It has also been established by Patt and others (9-12) that total body 
irradiation induces a fall in the ascorbic acid and cholesterol content of 
the adrenal cortex. Recently it has been shown by Pentz and Hasterlik 
(13) that the diuresis which occurs in rats after total body irradiation is 
dependent upon the adrenal cortex. It was therefore pertinent to examine 
the excretion of taurine by adrenalectomized animals after irradiation 
and to investigate the relationship between taurine excretion and urine 
volume. 


Methods 


Female Sprague-Dawley rats were used for these experiments. They 
were maintained at a temperature of 25.5° + 1°. Except during urine 
collection periods, they were given Rockland mouse pellets and water 
ad libitum. Adrenalectomized animals were given 1 per cent sodium chlo- 
ride as drinking water. 


* Present address, Department of Biochemistry, Northwestern University School 
of Medicine, Chicago, Illinois. 
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Rats were grouped by randomizing on a body weight basis. Collection of 
urine free from extraneous material was accomplished by placing the ani. 
mals in metabolism cages' (two per cage) for 6 hours during the day. 
During this time they were fasted but had free access to drinking fluid 
unless otherwise stated. A period of training to the regimen of at least 4 
days always preceded irradiation (except as noted). Animals continued 
to gain in body weight under the experimental conditions. Urine was 
collected under toluene in 50 ml. graduates placed under the collection 
tubes of the metabolism cages. The daily collections of urine from all 
animals of each group were pooled for analysis. Irradiation was carried 
out early in the morning, and the first urine collection period was 6 hours 
immediately thereafter. 

Irradiation was achieved by placing unanesthetized rats in individual 
sections of a circular aluminum carrier that was perforated uniformly for 
maximal exposure. The carrier was placed on a slowly rotating table 
during irradiation. Radiation was generated by a 250 kvp. Maxitron 
machine, operating at 30 ma. The target to skin distance was 92 em., 
and the exposure rate was approximately 30 r. per minute. Control non- 
irradiated animals were subjected to the same manipulations. 

Urine samples were separated from the toluene and filtered immediately 
before analysis. Taurine determinations were carried out by the method 
of Pentz and coworkers (14). Specimens of urine were hydrolyzed by 
adding an equal volume of HCl (concentration) and autoclaving for 5 
hours at 15 pounds and 250° (14). 

Paper chromatography was of the descending two-dimensional type, with 
Whatman No. | filter paper sheets 11} X 13} inches. The first solvent 
was 80 per cent phenol saturated with water and the second 2,4-lutidine, 
65 per cent, and water, 35 per cent. 

Adrenalectomy was performed on rats under ether anesthesia by way of 
bilateral incisions, and all operation sites were inspected at autopsy for 
accessory adrenal tissue. 


Results 


Four groups of ten animals each, having an average body weight of 145 
gm. at the time of irradiation, were divided so that two groups received 
400 r. and two groups received 0 r. Drinking water was withheld from 
each of one irradiated and one control group for the 6 hour collection period 
immediately after irradiation because polyuria does not occur during the 


' Manufactured by the Acme Sheet Metal Works, Chicago. An additional sereen 
of 8 mesh, 0.027 wire was placed horizontally in ‘the collection funnel 1 inch below 
the floor of the cage. <A cylinder of similar wire screen was fitted into the delivery 
tube of the collection funnel so that approximately 1 inch protruded above the tube. 
Urine so collected from healthy rats is satisfactorily free from solid material. 
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first collection period under these circumstances (15, 16). Taurine excre- 
tion values for unhydrolyzed urine specimens for a successive 6 hour col- 
lection period, both before and after irradiation, are shown in Fig. 1. 

It was pertinent to examine the effect of other dosages of x-ray on taurine 
excretion under similar conditions. Consequently, four groups of ten 
animals each (average weight 163 gm.) were exposed respectively to 0, 
200, 400, or 600 r., and again drinking water was withheld during the col- 
lection period immediately after irradiation. Taurine excretion values 
for unhydrolyzed urine specimens are shown in Fig. 2 and for hydrolyzed 
aliquots of the same specimens in Fig. 3. 
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Fic. 1. Taurine content of unhydrolyzed urine specimens from rats in relation 
to total body irradiation with and without drinking water immediately after ex- 
posure. Controls, 0 r. with water, open circle with dashed line; exposed, 400 r. with 
water, solid circle with dashed line; controls, 0 r. without water for 6 hours, open 
circle; exposed, 400 r. without water, solid circle. All groups were composed of ten 
animals each. 


In order to explore changes in taurine excretion values in adrenalecto- 
mized animals, ten groups of six animals each were treated in the following 
manner. Four groups were adrenalectomized, four groups were sham 
adrenalectomized, and two groups were unilaterally nephrectomized. 
Two adrenalectomized groups, two groups sham adrenalectomized, and one 
nephrectomized group were irradiated with 400 r. 13 days after surgery. 
The remaining groups were not irradiated. Taurine analyses were per- 
formed as in the previous experiments. Of the five groups that originally 
served as controls, one adrenalectomized group, one sham adrenalectomized 
group, and the unilaterally nephrectomized group were irradiated with 
400 r. 31 days after surgery. One adrenalectomized group and one sham 
adrenalectomized group served as controls. The results of the taurine 
analyses in similarly treated groups were so nearly alike that they have 
been averaged and are shown in Fig. 4. The bars indicate the range of the 
two or three values from which the averages were derived. 
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Adrenalectomized animals begin to die on the 3rd and 4th day after 
exposure to 400 r. Death is sometimes preceded by diarrhea, and urine w: 
specimens were withheld from the pools when it was impossible to prevent ex 
contamination of the urine with fecal matter. 
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Fic. 2. Taurine content of unhydrolyzed urine specimens from normal rats that 
received 200 r., open triangle; 400 r., solid circle; 600 r., solid triangle; and 0 r., open 
circle with dashed line, of total body irradiation. Drinking water was withheld 
for 6 hours after exposure. All groups were composed of ten animals each. 


a 
© 
< ob 
On 
om 
tc 
uw © al 
Ci 
= E of 
b 
X-RAY +| +2 +3 
DAYS | 
Fic. 3. Taurine content of hydrolyzed urine specimens from normal rats that al 
received 200 r., open triangle; 400 r., solid circle; 600 r., solid triangle; and 0 r., open 
circle, dashed line, of total body irradiation. Drinking water was withheld for 6 P 


hours after exposure. All groups were composed of ten animals each. 


TAURINE EXCRETION 


E. I. PENTZ 169 


Taurine values in the adrenalectomized groups were so high that it 
was thought advisable to check the analyses by paper chromatographic 
examination in case the limits of the specificity of the method (14) had 
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Fig. 4. Taurine content of unhydrolyzed urine specimens from animals subjected 
to sham adrenalectomy, receiving 0 r., solid circle; animals subjected to sham adren- 
alectomy, receiving 400 r., open triangle; adrenalectomized, receiving 0 r., open 
circle; adrenalectomized, receiving 400 r., solid line; unilaterally nephrectomized, 
receiving 400 r., open square, of total body irradiation. The bars indicate the range 
of values. All groups were composed of six animals each. 


been exceeded. These tests were performed by using the filtrate from 
Dowex-treated urine samples along with appropriate positive taurine 
controls. In each case a single spot of taurine was obtained. 
Adrenalectomized rats along with appropriate controls subjected to 
sham operation were exposed to 400 r. and 0 r. in three subsequent ex- 
periments with virtually identical results. 
Data for the concentration of taurine in urine are shown in Table I. 
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TaBLE A 
Concentration of Taurine in Unhydrolyzed Urine from Adrenalectomized, Sham fi 
Adrenalectomized, and Unilaterally Nephrectomized Control and Total Body 
X-radiated Rats, and from Normal Rats Receiving No Drinking Water e) 
for 6 Hours Immediately After Irradiation ti 
The values are given as mg. per ml. per rat. x: 
T 
Group days|—1 day | day |+2 days|+3 days|-+4 days 
th 
Adrenalectomy.............| 400 | 0.31 | 0.30 | 0.42 | 2.26 | 1.6 | 1.46 | 0.85 e} 
- Pe er oe Ne 0 | 0.32 | 0.56 | 0.30 | 0.55 | 0.15 | 0.20 | 0.15 
(sham oper- 
ated). . 400 | 0.62 | 0.40 | 0.25 | 0.32 | 0.32 | 0.20 | 0.43 
Adrenalectomy oper- 
ated). . 0 | 0.60 | 0.75 | 0.90 | 0.81 | 0.64 | 0.72 | 0.60 b 
Unilateral nephrectomy... 400 | 0.50 | 0.62 | 0.20 | 0.24 | 0.18 | 0.15 | 0.61 (§ 
" icewh 0 | 0.55 | 0.45 | 0.39 | 0.68 | 0.64 | 0.20 | 0.45 fs 
Water withheld.............. 0 0.29 | 0.65 | 0.52 | 0.45 | 0.69 
‘ “ 200 0.35 | 1.81 | 0.59 | 0.33 | 0.33 P 
7 ” 400 0.23 | 1.00 | 0.42 | 0.46 | 0.24 P 
- ” 600 0.40 | 0.93 | 0.46 | 0.74 | 0.29 sl 
The bold-faced type is used for emphasis. Ic 
d 
n 
b 
TaBLeE II 
Taurine Excretion As Determined by Analysis of Unhydrolyzed Urine Specimens from Ps 
Control Rats and Rats Having Thymus and Spleen Removed in ‘ 
Relation to Total Body X-radiation 
The values are given as mg. per 100 gm. per 6 hours. : 
Group Radiation |» days|—1 day | day |-+2 days| +4 days 
Control....................| 0 (6)*| 0.40 | 0.55 | 0.35 | 0.51 | 0.65 | 0.65 | 0.25 € 
66 deeeeceeececeses++- (400 (8) | 0.35 | 0.78 | 0.62 | 2.18 | 0.82 | 0.25 d 
Thymus removed.........|/400 (8) | 0.32 | 0.37 | 1.10 | 1.80 | 2.74 | 0.31 | 0.20 a 
Spleen “a .|400 (8) | 0.50 | 0.78 | 1.10 | 2.10 | 0.76 | 0.46 | 0.32 
Thymus and spleen re- 
moved...... .|400 (9) | 0.30 | 0.34 | 1.08 | 1.96 | 0.76 | 0.40 | 0.35 . 
Spleen (sham operated)... .|400 (6) | 0.45 | 0.43 | 0.92 | 2.01 | 0.76 | 0.30 | 0.60 t 
Thymus and spleen (sham d 
operated)................}| 0 (6) | 0.33 | 0.42 | 0.45 | 0.72 | 0.55 | 0.65 | 0.42 Q 
t 
* The figures in parentheses indicate the number of animals in each group, and the 
bold-faced type is used for emphasis. 
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At the time of irradiation all the animals weighed 160 + 10 gm., and the 
figures are therefore comparable from group to group. 

To examine the effects of removal of the thymus and spleen on taurine 
excretion in the rat, groups of animals that had either one or both of these 
tissues removed,” along with appropriate controls, were exposed to 400 r. of 
x-radiation. Taurine excretion values for the various groups are shown in 
Table IT. 

Examination of the data makes it abundantly clear that removal of the 
thymus and the spleen from rats before irradiation does not reduce the 
excretion of taurine by these animals. 


DISCUSSION 


Normal values for the excretion of taurine by the rat have been published 
by Kay and his associates (1, 17), Awapara (18), Wu (19), and Aebi et al. 
(8), all of whom used paper chromatographic methods. By applying a 
factor of 4 to normal values found for the 6 hour collection period in the 
present experiments, the average value found was 2.0 mg. per 100 gm. 
per 24 hours. This is higher than some of the reported values and con- 
siderably lower than others. 

Portman and Mann (20) have shown that prefeeding animals a diet 
low in organic sulfur results in the retention of taurine in the tissues and a 
decrease in its excretion in the urine. Neither in the above experiments 
nor in those reported by others hasa careful control of organic sulfur intake 
been exercised. It is therefore quite possible that this factor may vary 
from laboratory to laboratory and from experiment to experiment. Such 
considerations may account in part for the difference in 24 hour excretion 
values that have been reported. The data for the hydrolyzed urine ana- 
lyzed in the experiment in which increasing amounts of radiation were 
administered suggest that a quantitative relationship between quantity of 
radiation and taurine excretion might obtain if factors such as dietary 
intake of organic sulfur, collection of complete 24 hour urine specimens, 
etc., could be controlled. This suggestion is further supported by the 
data in Table II, where it is evident that the level of taurine excreted by 
all groups in response to 400 r. is remarkably consistent. 

Examination of Fig. 1 reveals that there is a tendency for the excretion 
of taurine to parallel that of urine. However, the data in Table I show 
that this tendency does not always appear. Under both of the two con- 
ditions shown, namely that of the irradiation of adrenalectomized animals 
and that of withholding drinking water from irradiated normal animals, 
the taurine concentration of urine increases. 


2 Surgery was performed by the Hormone Assay Laboratories, Chicago. 
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Wu (19) has shown that continuously fasted rats excrete increasingly 
larger amounts of taurine in the urine as fasting progresses. Both Aebj 
and his associates (8) and Awapara (18) have demonstrated that the 
administration of cysteine increases the excretion of taurine. Awapara 
(18) and Wu (19) have been able to show a rise in the muscle content of 
taurine in fasting rats. As Wu has pointed out, this suggests that, as 
fasting progresses, the normal course of the oxidative processes of the 
sulfur-containing amino acids may be impaired, and the conversion of 
cysteine to taurine becomes predominant. 

According to Selye (21), fasting is a stress in which the adrenal cortex 
undergoes particularly rapid and intense hypertrophy. This phenomenon 
is considered generally to be associated with an increased production of 
cortical hormones. The taurine excretion data for fasted rats published 
by Wu (19) revealed an increasing amount of taurine being excreted. 
This loss progresses during a 9 day fast to 10 times the amount of the 
control values. In view of the above findings, it is difficult to interpret 
the high taurine excretion values reported here for adrenalectomized 
animals after exposure to radiation. Cursory examination seemed to 
indicate that adrenal hormones are effective in either inhibiting or reversing 
oxidative processes which result from irradiation. Should this sub- 
sequently prove to be the case, the experiments of Wu (19) are probably 
best interpreted in terms of adrenal cortical exhaustion. 

Since irradiation is considered to have both a direct and an indirect 
effect (via the adrenals) on lymphoid tissues (22, 23), the results of the 
experiment in which the two largest masses of lymphoid tissue, the thymus 
and the spleen, were removed are of some interest. It would not be 
surprising if the transitory rise in taurine excretion that occurs in normal 
animals on the day after irradiation were associated with known tissue 
breakdown. If this were so, it would be expected that removal of radia- 
tion-sensitive tissues before exposure would reduce or eliminate the rise in 
taurine excretion after irradiation. Examination of the data in Table II 
shows that this was not the case. If the rise in taurine excretion after 
total body exposure to x-ray represents lymphoid tissue breakdown, its 
origin must be the lymph nodes and circulating lymphocytes. This seems 
unlikely, however, in view of the much smaller total mass of lymphoid 
tissue available for destruction and the consistent quantitative data of 
Table IT. 

The catabolic effects of adrenal cortical hormones on protein metabolism 
are well established. However, Friedberg and Greenberg (24) were able 
to show that the hypoaminoacidemia after adrenalectomy was accompanied 
by a rise in the free amino acid level of the muscle. Awapara (18) reports 
a small increase in taurine content of muscle in adrenalectomized rats. 
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These, as well as the presently reported observations, all emphasize the 
fact that the functions of adrenal cortical hormone in relation to the 
metabolism of the sulfur-containing amino acids have not been elucidated. 


SUMMARY 


1. Changes in the taurine content of urine from rats receiving various 
levels of total body irradiation under conditions of restricted and un- 
restricted water intake are reported. Normal rats exposed to 600 r. 
showed an increase in taurine excretion of 3 times that of non-irradiated 
controls on the day after exposure when water intake was restricted for 
6 hours immediately after irradiation. 48 hours after exposures up to 600 
r., the taurine excretion levels had returned to normal values. 

2. Under conditions of restricted water intake, the concentration of 
taurine in the urine of irradiated rats frequently increased. 

3. The excretion of taurine by adrenalectomized rats after exposure 
to 400 r. was double that of unilaterally nephrectomized and control ani- 
mals subjected to sham operation receiving the same amount of x-radiation. 
Taurine excretion did not return to normal levels in the adrenalectomized 
animals, 

4. Removal of the thymus and the spleen did not reduce the amount of 
taurine excreted upon total body exposure to 400 r. as compared with 
normal and control animals subjected to sham operation. 
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THYROID GLAND POTENCY AND KIDNEY 
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The activity of lysozyme in lysing cells of Micrococcus lysodeikticus has 
been reported for several tissues after various hormonal treatments (1). 
The enzyme was most concentrated in the kidney of the tissues tested (2), 
and the kidney enzyme was more responsive to altered hormonal states 
than enzymes of other tissues. It was found that hypophysectomy 
greatly increased specific activity while a hyperthyroid condition markedly 
inhibited the enzyme specific activity (1). In view of the increased con- 
cern in assigning a distinct metabolic role to tissue lysozymes, the reaction 
between thyroid hormone and kidney lysozyme has been pursued in vivo, 
particularly to define the inhibitory effect of thyroid hormone as either an 
actual change of kidney lysozyme state or a secondary effect upon this 
enzyme as a result of altered levels of other kidney proteins. 


EXPERIMENTAL 


Tissue lysozyme activity was measured photometrically as the initial 
velocity of lysis of M. lysodetkticus preparations (2, 3). Lysozyme activ- 
ity is expressed as microgram equivalents to Armour crystalline egg white 
lysozyme by comparison with a standard curve prepared by using the 
same substrate preparation (2). 

Normal or thyroid-parathyroidectomized (T PTE) animals were white male 
rats (Charles River Breeding Laboratories, Inc.) of the Sprague-Dawley 
strain, weighing 75 to 85 gm. at the start of the experiment. The basal 
diet consisted of 30 per cent lactalbumin (Labco Products Department, 
The Borden Company), 5 per cent corn oil, 2 per cent vitamin mix (4), 4 
per cent salts (5), 58 per cent sucrose, and 1 per cent fat-soluble vitamin 
concentrate (6) (Nopco Chemical Company). 1 per cent thyroid concen- 
trate containing 0.17 to 0.23 per cent iodine (Eli Lilly and Company) was 
added to the diet as indicated. At sacrifice, the kidneys and spleen were 
excised, wrapped in foil, and placed in a freezer until assay (1). Body 


* This investigation was supported in part by a research grant (No. E-1119) from 
the National Institute of Allergy and Infectious Diseases, National Institutes of 
Health, United States Public Health Service. Paper of the Journal Series of the New 
Jersey Agricultural Experiment Station, Rutgers University, The State University 
of New Jersey, New Brunswick, New Jersey. 
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weights were recorded just before sacrifice. Whole tissue weights were 
made after tissues were excised, chilled, and blotted dry. Ayjeldahl nitro- 
gen was determined in duplicate by a semimicro procedure (7). Tissue de- 
oxyribonucleic acid (DNA) was extracted as the polynucleotide sodium salt 
by the method of Herrmann et al. (8) and then determined by the Dische 
diphenylamine reaction described by Volkin and Cohn (9) and compared 
to a standard curve (50 to 500 y) obtained with a commercial DNA prep- 
aration (Krishell Laboratories, Inc.). Values obtained from tissues of 
eleven normal animals by this method were kidneys 2.5 mg. (2.1 to 3.6) of 
DNA per gm. of tissue fresh weight, and spleen 7.7 mg. (6.3 to 9.9) of 
DNA per gm. of tissue fresh weight, compared to values of 2.67 mg. of 
DNA per gm. of kidney fresh weight (10) and 14.0 mg. of DNA per gm. 
(10) or 7.7 mg. of DNA per gm. (11) of spleen fresh weight. Leslie (12) 
notes that the concentrations of DNA in kidney are quite constant, whereas 
a great variation is found in reported values for normal spleen because of 
diverse methods of isolation and different DNA reagents. The underly- 
ing assumption involved in the use of this determination is that DNA con- 
centration is directly related to the number of cell nuclei, hence to the cell 
number (12), and distinguishes true growth or change from hyperactivity 
(13). By basing enzyme activity upon DNA concentration, it should be 
possible to exclude changes of specific activity brought about by alteration 
of non-specific protein nitrogen content or whole organ changes (e.g., water 
balance or fat deposition). 


Results 


The results obtained in measuring kidney lysozyme activity are shown 
in Table I. The administration of thyroid to normal or TPTE animals 
decreases enzyme activity by 27 and 49 per cent, respectively, when the 
activity is based upon fresh weight of tissues. The enzyme level in the 
animals operated upon is somewhat higher by this means than that found 
in the normal controls. <A similar reflection is seen when the activity 1s 
based upon the total weight of the organ. The average organ weights 
(both kidneys) were normal 1.25 gm. (0.89 to 1.62), normal plus thyroid 
1.5 gm. (1.26 to 1.83), TPTE controls 0.93 gm. (0.80 to 1.09), and TPTE 
plus thyroid 1.21 gm. (0.74 to 1.64). When total activity per organ is 
based upon 100 gm. of body weight, the following values appear: normal 
1022, normal plus thyroid 1285, TPTE 1232 and TPTE plus thyroid 1075. 
These values are relative to those obtained in Table I, where activity per 
gm. of fresh weight is based upon 100 gm. of body weight. When the en- 
zyme activity is based upon body weight, it is readily observed that rate 
of gain has been decreased by administration of thyroid to normal animals. 
Reduction of weight gain is also seen after gland removal. When hor- 
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mone administration follows gland extirpation, the enzyme activity is 
equivalent to the untreated controls, although a strict comparison should 
not be made here. In general, specific enzyme activity based on nitrogen 
confirms previous results in which nitrogen was determined indirectly (1). 
A decrease of nearly 50 per cent is seen when thyroid is administered either 
to normal (41 per cent) or TPTE animals (52 per cent) compared to the 
respective controls. When activity is based upon tissue DNA values, 
the same trend is evident (38 per cent inhibition when thyroid is admin- 
istered to normal animals and 45 per cent inhibition when thyroid is given 
to TPTE rats). This indicates that the decrease in lysozyme activity 


TABLE I 
Thyroid Gland Potency and Kidney Lysozyme Activity* 


Enzyme activity 


No. of 


Experimental condition |,nimals| EEWL per | EEWL per | EEWL per EEWL | EEWL per 
gm. kidney, total gm. 100 gm. y | perm . tissue 
f.w.t kidneys, f.w. weight tissue NA 
Normal controls... .. 11 {1199 + 108$1152 + 116) 892 + 9944 + 51468 + 59 


Thyroid-parathyroid- 
ectomized controls..| 13 {1566 + 126 1354 + 1331450 + 12846 + 4/576 + 67 
Thyroid-parathyroid- 
ectomized + 
thyroid... 5 | 800 + 96 1069 + 50 


“41% thyroid.| 8 | 870 + 85 /1272 + 161| 913 + + 3/338 + 34 


| 823 125.22 + 3320 + 52 


* Duration of experiment, 8 days. 
t EEWL, equivalent to Armour egg white lysozyme; f.w., fresh weight. 
t Standard error of the mean = ~V/Z d?/n — 1/V/n. 


after exposure to thyroid hormone is a real inhibition and not a secondary 
effect which might be brought about by an increase in tissue content of 
non-specific proteins. 

Table II shows the results obtained by using spleens excised from the 
same animals indicated in Table I. Previously it was reported that the 
specific activity of the spleen remained constant in several hormonal states, 
while changes were noted in the kidney, lung, and intestine (1). It may 
be observed (Table II) that the specific activity (based directly on tissue 
nitrogen) remains constant in this organ in spite of the marked changes re- 
flected in the kidney. When activity is based upon DNA content, a simi- 
lar picture is obtained except for higher DNA values found in normal ani- 
mals. The results of fresh weight tissue activity show little variation of 
each treated group compared to the respective control group, although 
animals in the TPTE and TPTE plus thyroid groups have higher activi- 
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ties. The increased activities in the two latter groups appear to involve 
changes in size of the tissue. These data indicate that the consistency of 
spleen lysozyme activity is not a secondary effect of fortuitous alteration of 
non-specific spleen proteins, in spite of the apparent decrease, after thyroid 
treatment, of enzyme activity per organ. When activity per organ is re- 
viewed, there appears to be no significant difference between control groups 
of untreated animals and those operated upon, which indicates that TPTE 
causes only a slight decrease in spleen weight (actual spleen weights: nor- 
mal 0.82 gm. (0.28 to 1.65), normal plus thyroid 0.55 gm. (0.24 to 1.12), 
TPTE 0.71 gm. (0.24 to 1.09), and TPTE plus thyroid 0.51 gm. (0.33 to 


TaBLeE II 
Thyroid Gland Potency and Spleen Lysozyme Activity* 


Enzyme activity 


Experimental condition |, °.515| EEWL per | EEWL per | EEWL per EEWL per| EEWL per 
Y Y Y 
Normal controls....... 11 | 523 + 38f 401 + 50; 363 + 34; 20 + 3) 664+ 5 
“«  +1%thyroid..| 8 | 576 + 46 | 289 + 34) 569 + 80) 20 + 3} 91 + 13 
Thyroid-parathyroidec- 
tomized controls......| 13 | 658 + 47 | 432 + 54; 609 + 55) 21 + 2; 97 + 8 


Thyroid-parathyroidec- 
tomized + 1% thy- 


5 | 656 + 26 | 332 4 44) 665 + 41) 21 + 2) 98 + 12 


* Duration of experiment, 8 days. 
t EEWL, equivalent to Armour egg white lysozyme; f.w., fresh weight. 
t Standard error of the mean. 


0.70). Thyroid administration causes a reduction of activity per organ 
compared to the appropriate control. When activity per organ is meas- 
ured per 100 gm. of body weight, the following values are obtained: normal 
282, normal plus thyroid 292, TPTE 392, and TPTE plus thyroid 334. 
The mean body weight of the normal group is significantly higher than the 
other groups (average body weights at the end of the experiment were nor- 
mal 142 gm., normal plus thyroid 99 gm., TPTE 110 gm., and TPTE plus 
thyroid 99.5 gm.). 


DISCUSSION 


The primary function of mammalian tissue lysozymes is not known. It 
is known that this enzyme varies in many induced states (1) and condi- 
tions of disease, particularly in ulcerative colitis and gastrointestinal state 
(14-16). Many studies indicate an apparent increase in lysozyme con- 
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centration after infection. Whether biosynthesis of this enzyme is in- 
duced under these conditions or a bound, inactive form of the enzyme be- 
comes activated still remains a mystery. It has been shown that some 
factors, such as insulin, decrease the titer of this enzyme apparently by a 
binding mechanism (17). Evidence has already been presented which in- 
dicates that hypophysectomy increases the kidney titer and this increase 
is not overcome by either growth hormone or adrenocorticotropic hormone 
(1). It seems that removal of thyroid-stimulating hormone (hypophysec- 
tomy) was thesecondary causativefactor. Because thyroid administration 
reduced enzyme specific activity to the same extent in either normal or 
hypophysectomized animals, it appears that the inhibition of kidney en- 
zyme specific activity is a direct rather than an indirect interaction of the 
thyroid hormone and kidney lysozyme. We have, in fact, been able to 
demonstrate a nearly complete inhibition of crystalline lysozyme by L-thy- 
roxine or triiodo-L-thyronine (but not pi-thyronine) in vitro,! and elucida- 
tion of the mechanism of interaction is in progress. 

Reports are increasing of reactions between thyroxine and enzyme sys- 
tems. Aside from its uncoupling action in oxidative phosphorylation, thy- 
roxine appears to inhibit enzyme systems either by binding component 
metals (18-22) or by probable binding of the enzyme-substrate complex as 
suggested by uncompetitive inhibition (6, 23). In the case of thyroxine- 
lysozyme inhibition, our preliminary unpublished data suggest interaction 
of a metal and non-competitive inhibition.!. Sodium ion has already been 
implicated in the activity of lysozyme towards its bacterial substrate 
(24-26), particularly as lysis of M. lysodeikticus is greatly influenced by 
cultural sodium ion concentration (3). Divalent cations may also be in- 
volved. The reactive group of thyroxine at this time seems not to be the 
phenolic hydroxyl alone which is known to be involved in chelation of 
(27). 

The data presented here demonstrate that inhibition of kidney lysozyme 
by thyroid hormone represents an actual change of state. Under the same 
conditions, the spleen enzyme does not appear to change its state. If 
changes similar to those in kidney occur in other tissues (1) contrasted to 
those in the spleen, it would be of great interest to determine the site of 
enzyme biosynthesis with the view that the spleen might serve as the syn- 
thesizing organ which disperses the enzyme or a portion thereof to the 
tissues via the blood stream. It is well known that lysozyme can cross 
semipermeable membranes with great ease (28, 29). 

It is likely that thyroxine is bound essentially by the major component 
of kidney lysozymes, since three fractions have been obtained by ion ex- 
change chromatography of partially purified rat kidney extracts; the 


1 Reimer, S. M., and Litwack, G., unpublished data. 
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largest fraction is about 30 times as concentrated as the other two fractions 
and accounts for the major portion of the enzyme activity (30). 


The excellent technical assistance of Miss Valentina Wojciechowski js 
gratefully acknowledged. 


SUMMARY 


Thyroid hormone inhibits kidney lysozyme activity in vivo. <A similar 
inhibition occurs in animals which have been thyroid-parathyroidectom- 
ized. The decrease in activity appears to represent a change of state of 
the enzyme as shown by basing enzyme activity upon tissue deoxyribo- 
nucleic acid concentration. 

Under identical conditions the state of the spleen enzyme has been shown 
to remain essentially constant. Implications of these findings are dis- 


cussed. 
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THE INCORPORATION OF GUANOSINE 5’-PHOSPHATE 
INTO THE RIBONUCLEIC ACID OF THE RAT* 


By PAUL M. ROLL 


(From the Department of Biochemistry, Marquette University School of Medicine, 
Milwaukee, Wisconsin) 


(Received for publication, September 17, 1957) 


Investigations on the utilization of purine nucleotides for nucleic acid 
synthesis by the rat have shown that these compounds can function as ef- 
fective precursors of RNA.' All three adenine ribonucleotides have been 
studied and it appeared that 5’-AMP was less effectively utilized than 
were the other two isomers (1). Of the guanylic acids only 2’-GMP and 
3’-GMP have been investigated and it was found that the guanine moiety 
of each one was well incorporated with but little direct utilization of the 
ribose or phosphate (2). Totally labeled 5’-GMP-C" has now been pre- 
pared and studied to determine whether it is incorporated into the nucleic 
acids of the rat in a manner similar to that of the other two guanylic acids. 


EXPERIMENTAL 


Preparation of Labeled GM P—Yeast nucleic acid, totally labeled? with 
C', was hydrolyzed with snake venom phosphodiesterase. It was neces- 
sary to use a large amount of the enzyme preparation in the digestion. 
200 mg. of the crude venom of Crotalus adamanteus* were purified according 
to the procedure of Hurst and Butler (3) and the fractions were lyophil- 
ized. One-tenth (16 mg.) of the 0.1 per cent NaCl fraction (the fraction 
which contains most of the phosphodiesterase activity) was added to a 
solution of 19 mg. of the labeled nucleic acid in 15 ml. of 0.01 m MgCl; and 
incubated for 5 hours at 37° as described by Cohn and Volkin (4). The 
nucleotides were separated by ion exchange on Dowex 1, formate (4). 
The fractions containing 5’-GMP were combined and the nucleotide was 
obtained in concentrated solution, free from formate, by passage of the 
solution over a column of Dowex 1, Cl-,0.5 cm. X 0.8cem.?. The 5’-GMP 
was removed with 10 ml. of cold 0.1 N HCl and the solution immediately 


* This investigation was supported by funds from the National Heart Institute, 
National Institutes of Health, Department of Health, Education, and Welfare. 

! The following abbreviations are used: ribonucleic acid, RNA; the 5’-, 3’-, and 2’- 
phosphates of adenosine, 5’-AMP, 3’-AMP, and 2’-AMP, respectively; the 5’-, 3’-, and 
2’-phosphates of guanosine, 5’-GMP, 3’-GMP, and 2’-GMP, respectively. 

? Obtained from the Schwarz Laboratories, Inc., Mt. Vernon, New York. 

* Obtained from Ross Allen’s Reptile Institute, Silver Springs, Florida. 
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neutralized and frozen (1). 2.0 umoles of 5’-GMP, with a specific activity 
of 2.5 X 10° ¢.p.m. per umole, were obtained. 

Unlabeled guanosine and guanylic acid (a mixture of 3’-GMP and 2’. 
GMP) were mixed with a small sample of the 5’-GMP-C" and the mixture 
was chromatographed as before. Analysis of the fractions showed that 
the 3’-GMP contained no radioactivity but that the guanosine contained 
10 per cent of the added C'*, demonstrating that the original 5’-GMP-C" 
was uncontaminated by 3’-GMP but contained 10 per cent guanosine. 

Injection of GMP and Isolation of Nucleotides—A solution for injection 
into the animals was prepared by dissolving unlabeled 5’-GMP* in saline 
and adding a sample of the 5’-GMP-C™. An aliquot of this solution was 
removed and used for the measurement of the radioactivity of the nucleo- 
tide, the guanine, and the ribose (2). The rest of the solution was given 
in three intraperitoneal injections at 2 hour intervals to two male Sprague- 
Dawley rats of approximately 225 gm. each at a level of 0.4 mmole per 
kilo of body weight. The animals were killed 24 hours after the first in- 
jection. The livers, washed small intestines, spleen, kidneys, and testes 
were removed and processed for RNA, nucleotides were isolated, and the 
purine nucleotides were degraded to yield purines and ribose (2). The 
specific activities (counts per minute per micromole) of the isolated samples 
were measured as previously described (2). 


RESULTS AND DISCUSSION 


In accordance with previous practice, the extent of incorporation of the 
injected compound has been expressed as relative specific activity.® 

From the results (Table I) it can be seen that 5’-GMP is an effective 
precursor of RNA guanine. In this respect it is unlike guanine (5, 6) 
or guanosine (7), which are only slightly utilized for nucleic acid syn- 
thesis by the rat. However, it appears that 5’-GMP is a less effective 
precursor than are the other two guanylic acids, since it was found previ- 
ously (2) that approximately 1.0 per cent of the RNA guanine of rat viscera 
was derived from either 3’-GMP or 2’-GMP when these compounds were 
studied under the same experimental conditions of the present investiga- 
tion; this should be contrasted with the 0.4 to 0.6 per cent incorporation 
found in the present study. Similar results were obtained in a study of the 
incorporation of adenine nucleotides into rat nucleic acids (1), in which it 
was found that 5’-AMP appeared to be less extensively utilized than was 
either 3’-AMP or 2’-AMP. It is possible that the lowered incorporation 
of the 5’-nucleotides can be accounted for by dilution of the injected com- 
pounds by endogenous compounds. 

‘Obtained from the Pabst Laboratories, Milwaukee, Wisconsin. 


*’ Relative specific activity = (specific activity of isolated compound/specific 
activity of injected compound) X 100. 
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Despite the smaller utilization of 5’-GMP, the pattern of incorporation 
of this nucleotide is very similar to that observed after the administration 
of the other two guanylie acids (2). The guanine of 5’-GMP is incorpo- 
rated much more extensively than is the ribose. From the ratio of the 
relative specific activity of the ribose to that of the purine for each of the 
isolated guanylic acids, viz. 0.35 and 0.29, it is clear that only about one- 
third of the incorporated guanine could have retained its original ribose, 
and considerably less than one-third, if allowance is made for the probable 
incorporation of some free ribose. That some free ribose or a derivative is 
used for nucleotide synthesis is manifested by the activity found in the 
pyrimidine nucleotides. The ratios obtained in the present experiment 


TaBLe I 
Incorporation of Guanine and Ribose of Uniformly Labeled Guanosine 
5’-Phosphate into Rat Ribonucleic Acid 
Specific activity of injected guanylic acid: nucleotide, 12,100 ¢.p.m. per umole; 
guanine, 5000 c.p.m. per umole; ribose, 7160 c.p.m. per umole. 


Specific activity, ¢.p.m. per smole Relative specific activity® 
Isolated compound —- -— - 
Nucleotide Purine Ribose Purine Ribose 
Guanosine 2’-phosphate.... . 20 10 0.40 0.14 
3’-phosphate .... . 29 12 0.58 0.17 
Adenosine 2’-phosphate.... . 3 4 0.06 0.06 
3’-phosphate. ... 5 0.08 0.07 
Cytidylie 4 | 0.06+ 
4 | 0 .06T 


* See the text, footnote 5. 
+ Calculated on the assumption that all activity of the nucleotide is in the ribose. 


are somewhat higher than those that were calculated from the results of 
the incorporation of 3’-GMP or 2’-GMP, but again point out the peculiar 
situation whereby guanine must be largely split from the injected nucleo- 
tide before it is incorporated; yet, when free guanine is given, it is only 
slightly utilized. Whether, as has been suggested, this is owing to in- 
corporation which involves a ‘“‘transpurination” mechanism (2, 8) cannot 
be answered. It is possible, however, that intact nucleotides are necessary 
for the transport of guanine into the cell, or it may be that the distribution 
of catabolic enzymes is such that the survival of guanylic acids is favored 
over that of guanine or guanosine until the compounds reach the site of 


incorporation. 


SUMMARY 


Guanosine 5’-phosphate, totally labeled with C™, is less extensively 
utilized as a precursor of the ribonucleic acids of the rat than are the other 
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two isomeric guanylic acids. The guanine of this precursor is incorpo- 
rated into the guanylic acids of the rat polynucleotides much more exten- 
sively than the ribose. 
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STUDIES ON THE DEPOSITION AND NATURE OF 
EGG YOLK IRON 


By JAMES A. E. HALKETT, THEODORE PETERS, Jr.,* anv 
JOSEPH F. ROSST 


(From the Radioisotope Service, Veterans Administration Hospital, 
Boston, Massachusetts) 


(Received for publication, October 4, 1956) 


In the course of preparing Fe*-labeled hens’ eggs for use in studying 
absorption of iron from foods (1, 2), the radioactivity of eggs laid after 
intravenous injection of tracer iron was found to show peaks at approxi- 
mately 25 day intervals. We have made further studies of this phenome- 
non and of the over-all iron metabolism of the laying hen. Measurements 
have been made of the tracer iron in red blood cells, plasma, and eggs over 
a 66 day period after intravenous injection of Fe**® into laying hens and 
of the tracer iron remaining in the organs at intermediate times. 

Ramsay and Campbell, in a recent study of the iron metabolism of the 
laying hen (3), presented evidence for the interrelation of egg and hemo- 
globin iron metabolism. In many hens there was a fall in blood hemo- 
globin concentration at the onset of laying, and the serum iron content 
was shown to rise to the high values of 500 to 900 y per 100 ml. just prior 
to and during the laying season. 

Our results demonstrate that both egg yolk and hemoglobin formation 
draw upon the same plasma iron pool and in about the same order of 
magnitude. About 24 days after the red cells are formed, they die and 
release their iron. Some of it may be reutilized without equilibration, 
but most reaches the plasma iron pool, from which it is again partitioned 
among developing egg yolks, iron stores, and hemoglobin. By a radio- 
autographic technique, iron deposited in yolks is shown not to exchange 
with plasma, but to remain in its original site as more yolk material is 
laid down around it. 

Studies on the chemistry of egg yolk iron are also reported. This topic 
has been investigated by previous workers (4-10), but there has been 
disagreement whether the iron is present as ferric hydroxide or is in organic 
combination. Egg yolk iron was completely ‘available’ when extracted 
with a,a’-dipyridyl and a strong reducing agent by Hill’s method (4, 7), 
while, when egg yolks were digested with pepsin at pH 3 by Summerfeldt 

* Present address, The Mary Imogene Bassett Hospital, Cooperstown, New York. 

t Present address, School of Medicine, University of California Medical Center, 
Los Angeles, California. 
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(11), only 21 per cent was found to be available. However, the actual 
availability of egg yolk iron for gastrointestinal absorption is apparently 
even lower, for egg yolk has been shown to be a poor source of iron (2, 9, 
11-15), and the presence of egg yolk in the food can reduce the absorption 
even of added inorganic ferrous iron. 

We have studied egg yolk iron by centrifugation, electrophoresis, and 
dialysis against a variety of reagents. Yolks containing tracer Fe®® added 
both in vitro and biologically were studied. Vitellin, the phosphoprotein 
of yolk, was found to reproduce the effects of whole yolk on the chemistry 
of iron. The added tracer iron showed the same behavior as the iron 
already present. The results indicate that the iron of egg yolk is in the 
ferric state, that it is not held in specific organic combination, and that 
its properties are due mostly to a strong binding by the phosphoprotein 
present. 


Relationship of Hemoglobin, Plasma, and Egg Yolk Iron 
Methods 


Four laying hens, White Rock-Bantam crossbreds, weighing 0.9 
to 1.1 kilo, were injected in the wing vein with 10 to 150 ue. of Fe* as 
ferric ammonium citrate. The amount of iron injected was not greater 
than 90 y, which should not exceed the iron-binding capacity of the plasma. 
After injection the hens were placed in individual cages and maintained 
on a balanced chicken feed. 

Blood samples (0.5 to 1 ml.) were collected at intervals up to 66 days 
from the leg or wing vein or from the comb. The red cells were separated 
by centrifugation, and the plasma and red cell radioactivities were deter- 
mined in a scintillation well type counter. The average hemoglobin con- 
centration, determined by the procedure of Schultze and Elvehjem (16), 
was 7.1 gm. per 100 ml. 

Eggs were collected daily, and their Fe®* content was determined by 
direct counting. Those which were highly radioactive were measured 
at a fixed distance from a scintillation counter, while those which were less 
active were measured in a well type Geiger counter. Appropriate factors 
were used to convert all counts to microcuries and then to per cent of dose. 

To measure the distribution of Fe** in organs and tissues, two of the four 
hens were killed by subcutaneous injections of Nembutal. The carcasses 
were heated in a pressure cooker for 30 minutes to allow easy separation of 
bone and muscle. The muscle and combined feathers and skin were ho- 
mogenized with water, and aliquots were taken for counting. Bone and 
internal organs were measured intact. The counting was performed in 
100 ml. tubes in the well type Geiger counter. The corrections for volume 
were applied, and all counts were converted to per cent of dose as before. 
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The blood volume of similar hens and the blood content of their organs 
were determined by the use of Cr®'-labeled red cells. 40 we. of Cr®'O, 
were added to blood taken by heart puncture from a donor bird. After 
incubation at 37° for 30 minutes, the cells were centrifuged and washed 
three times with isotonic saline. Aliquots were taken for standards, and 
1 ml. of red blood cells reconstituted with saline was injected into the wing 
vein of each of three hens. Blood samples of 0.5 ml. were taken from the 
wing vein before injection and after 1 hour, and after 2 hours samples of 2 
ml. were taken from the heart. The Cr® concentration in the blood was 
measured in a scintillation well type counter. Dividing the Cr® concentra- 
tion per ml. into the administered Cr*' dose gave the blood volume of the 
hens in ml. The blood volumes of the three hens averaged 60 ml. per 
kilo. The hematocrits were determined to be constant during the 2 hour 
period. 

After the final blood sample was taken for blood volume determination, 
one hen was sacrificed, and the Cr® in organs and tissues was counted by 
the procedure outlined for Fe®®. This gave figures for the per cent of blood 
in the organs when prepared by this procedure, which were applied to the 
Fe®® data to correct for blood Fe®* in the organs. It was then possible 
to estimate the Fe®® present as blood and tissue iron individually. 

Radioautographical studies were made of the eggs laid by Hens A and B 
during the first 9 days following Fe®® injection. The eggs were hard boiled 
and shelled, and a 3 mm. cross section was removed which contained the 
center of the yolk and the germinal disk. The sections were placed 
against dental x-ray film and exposed for 16 hours at 3° in the dark before 
development under constant conditions. 


Results 


In Fig. 1 are plotted as per cent of injected dose the Fe levels of red 
cells, plasma, and eggs on a time scale for four laying hens. 

The red cell Fe® rose rapidly after injection, reaching a plateau on the 
5th day, and remained at this value until the 20th day. This plateau 
was about 40 per cent of the dose. In the period 20 to 32 days after in- 
jection, the red cell Fe*® fell to half of the plateau value. <A second fall 
of similar proportion, but less abrupt, occurred between 40 to 57 days 
after injection. 

The plasma Fe®*® concentration, after its initial fall, showed a peak 26 
days after injection and a second peak about 49 days after injection. 
Egg radioactivity reached a maximum about the 4th day, followed by two 
further peaks on approximately the 30th and 59th days. Between the 
peaks, the Fe®® level in eggs and plasma remained at low but significant 
values. The total Fe in the first peak in the egg curve, averaged for the 
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four hens over the first 24 days, was 38 per cent of the dose. The second 
peak, taken over 25 to 50 days, contained 10 per cent, and the third peak, 
taken over 51 to 66 days, contained 3 per cent of the dose. 

The Fe** found in the organs and tissues of two of the hens is given in 
Table I. The figures for tissue iron were obtained by subtracting the blood 
Fe®* from the total Fe®®. The blood Fe* in any organ was calculated from 


Fe IN RED CELLS, PLASMA, AND EGGS 
OF THE HEN AFTER I-V INJECTION 


TOTAL 
RED CELLS 


TOTAL PLASMA 


Fe°® (PER CENT OF DOSE) 


INDIVIDUAL EGGS 


10) 10 20 30 40 50 60 
DAYS AFTER INJECTION 


Fig. 1. The curves represent the composite data on the four hens. The details of 
injection and measuring procedures are given in the text. Total red cell Fe® was 
calculated by using the experimental blood volume of 60 ml. per kilo. Total plasma 
Fe*® was calculated by using this figure and assuming that an amount of plasma iron 
equal to that in the blood was present in the interstitial fluid (17-19). Egg radio- 
activity represents total Fe®® per individual egg laid on the day indicated. 


the measured Fe** concentration in the blood at death and the percentage 
of blood in the organ as determined with Cr*!-labeled red cells. 

Hen C was killed on the 20th day after injection, before the first release 
of Fe®* from the red cells. Hen D was killed on the 33rd day, a time when 
the Fe®*® of the red cells was on its second plateau. The total tissue Fe®® 
was 14.8 per cent in Hen D as compared to 9.7 per cent in Hen C, owing 
mainly to higher levels in bones (marrow) and ovary, including immature 
yolks, and to slight increases in liver, spleen, and viscera. 

Included in Table I are figures giving the total recovery of Fe®® in the 
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of Fe®* in Tissues of Hens Intravenous 


Lungs..... 
Heart... .. 


Viscera . 
Spleen. . 


Muscle....... 


| 
Hen C, 20 days after Hen D, 33 days after 
injection injection 
‘Per cent 
Organ blood in. 
| organ Fe inorgan Fe” in organ, in organ in organ, 
+ blood, per per cent of + blood, per per cent of 


| cent of dose | dose cent of dose | dose 
..| 25.2) 12.5 3.4 | 9.4 4.7 
al 15.3 8.4 2.8 | 6.4 3.5 
| 1.7, 1.7 1.1 1.1 0.8 
..| 13.4 5.9 3.4 0.9 
1.0 1.5 0.6 
Ovary + ova....... C8 1.1 4.3 3.1 
| 4.5) 2.1 0.5 | 2.0 1.2 
Skin + 5.9 2.2 | 0.0 | 0.9 
21.2 6.30 | 3.9 
| | 
Total in carcass. Saves ae 0 45.9 9.7 | 33.5 14.8 
Fe® in red colle. | | 36.2 18.8 
‘plasma. . | 0.6 
** loss in blood samples| | | 2.6 | 3.8 
recovered in eggs. . | | | 41.4 
recovery, % of dose. | | 94.2 


LOCATION OF Fe’? IN EGG YOLKS 
LAID I-I! DAYS AFTER I-V INJECTION 


DAYS AFTER | 
Fe® INJECTION 


© 


9 10 


ia. 2. Radioautographs of sections of volks. The details of the procedure are 
given in the text. The ink circles show the relative diameters of the volks. Eggs 
obtained on Days 1, 3, 5, 7, 8, 10, and 11 are from Hen A and on Days 2, 4, 6, and 
11 from Hen B. 
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carcass, red cells, plasma, eggs, and blood samples of these two hens, 
Over-all recoveries were 91 and 94 per cent. 

In Fig. 2 are presented the radioautographs of yolk sections from eggs 
laid by Hens A and B, 1 to 11 days after Fe*® injection. The diameters 
of the yolks are shown by the ink circles. The black bands within the 
circles indicate the location of Fe®* deposited on the day of injection, when 
the yolks were in different stages of development. The egg laid the day 
ufter injection contained no Fe®*. Eggs laid 2 or more days after injection 
showed rings of Fe®® decreasing in diameter daily, reaching a small spot in 
the center of the yolk at 10 days. The gap seen in the eggs laid on the 
2nd and 3rd day is at the site of the germinal disk. 


DISCUSSION 


In normal or iron-deficient mammals, 95 to 100 per cent of true tracer 
doses of iron injected intravenously appear in the red cells (20), an indica- 
tion of the predominance of hemoglobin synthesis in the iron metabolism 
of non-egg-laying animals. When the red cells die, the iron released is 
again completely utilized for synthesis of new cells (21, 22), making it 
difficult to obtain a measure of the red cell life span by the use of tracer 
iron. If the iron stores of the animal are increased greatly by injections 
of iron, reutilization is not complete; hence a drop in the red cell tracer 
iron does occur at the end of the cell life span (23). 

In the laying hen only a part of the iron is utilized for hemoglobin 
synthesis. Only 39 per cent of the injected tracer iron appeared in the 
first red cell plateau (Fig. 1), and 38 per cent appeared in the first egg peak. 
Upon destruction of the red cells, the resultant drop in Fe*® in the red cells 
permits an estimation of the red cell life span, found here to be 24 days. 
The values found with other isotopes range from 20 days with C' to 28 
days with both P® and N" and to 30 days with Cr*! (24). 

The approximate equality of the demand for iron by hemoglobin and 
egg production is also borne out by quantitative considerations. The 
hens used in these experiments produced on the average one egg every 2 
days. The average iron content per egg was 1.0 mg.; thus about 0.5 
mg. of iron was utilized daily in egg production. On the basis of the 
observed red cell life of 24 days, and the observed blood volume of 60 
ml. per kilo and a hemoglobin concentration of 7.1 gm. per 100 ml., a 900 
gm. hen would produce 3.8 gm. of hemoglobin per day. Since hemoglobin 
contains 0.334 per cent iron, hemoglobin formation would require 0.53 
mg. of iron per day. 

Ramsay and Campbell (3) showed that the laying hen contains ap- 
preciable stores of iron in tissues, mainly in the liver. Participation 
of these stores in iron metabolism is suggested by our data, since 10 per 
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cent of the dose was found in the tissues after 20 days. The Fe*® released 
after one red cell life span exchanged with these stores still further; hence, 
at 33 days 15 per cent of the dose was in tissues, the increases occurring 


mainly in bone and ovary. 


Of the 39 per cent of the dose released from red cells after 24 days, 19 
per cent of the dose or one-half of the iron released was reincorporated into 
hemoglobin. Only 10 per cent of the dose or one-fourth of the released 
jron was recovered in eggs during the second egg peak (average of the four 
hens). Compared with the almost equal division of injected iron between 
hemoglobin and eggs, the higher incorporation of the released iron into 
hemoglobin suggests that some of the iron from disintegrating red cells 
does not reach the plasma pool, but is short circuited in some manner from 
the sites of red cell destruction to the bone marrow. Another possibility 
is that diurnal variations, known to occur in egg deposition (25) and in 
serum iron level (26), might also occur in red cell destruction and synthesis, 
and might influence the relative distribution of tracer iron. 

The reappearance of tracer iron in plasma lags 1 to 2 days behind the 
time of maximal rate of fall in Fe®® of circulating red cells. This interval 
represents the time required for destruction of sequestered red cells and 
release of the iron from their hemoglobin. 

The physiology of yolk deposition has been extensively studied (25). 
About 6 days is consumed in forming a mature yolk from one with a 
diameter of 6 mm., as shown by Kritchevsky and Kirk with C'*-acetate 
(27), by Lorenz, Perlman, and Chaikoff with P® (28), and by Romanoff 
and Romanoff by direct weighing of the developing yolks (25). Bands 
of yellow yolk material are believed to be laid down during the day, and 
smaller bands of white yolk to be laid down during the night. The maxi- 
mal rate of deposition of yolk material occurs in the ovarian ovum third 
in order of maturity. Approximately 24 hours is consumed in deposition 
of egg white and shell following ovulation of the yolk (25). 

We found the maximal labeling of eggs to occur about 4 days after the 
maximal Fe*® levels occurred in plasma, in good agreement with the predic- 
tions from the data of Romanoff and Romanoff (25) on maximal rate of 
yolk deposition. This agreement, plus the appearance of radioactivity in 
the egg laid 2 days after Fe*® injection, suggests that there is no significant 
storage of iron in the ovary in the course of deposition in yolk, but that 
iron is laid down more or less directly from the plasma. No activity 
would be expected, nor was any found, in the egg laid 1 day following 
injection, since it probably had already been ovulated when the Fe®** was 
administered. 

That yolk substance is deposited in concentric peripheral rings has 
been demonstrated by others by feeding dyes to laying hens (25); deposi- 
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tion of iron is shown by the radioautographs (Fig. 2) to follow this pat- 
tern. The existence of the radioactivity in rings within the yolks implies 
that iron, once deposited, does not exchange with plasma iron or even 
with the iron of yolk matter laid down either subsequently or previously, 


Chemical Properties of Egg Yolk Iron 
Methods 


Studies were made on the distribution of egg yolk iron following centri- 
fugation, lipide extraction, or electrophoresis, and on the behavior of the 
iron upon dialysis under a variety of conditions. Fresh eggs were opened, 
the yolks were separated and washed with 0.9 per cent NaCl, and the 
vitellin membranes were punctured and removed. The liquid yolk 
material was diluted with 2.5 volumes of iron-free 0.9 per cent NaCl at 
3° to facilitate handling. The egg laid by Hen B 4 days after Fe*® in- 
jection was analyzed, as were commercial eggs to which Fe®*® was added 
in vitro. About 4 y of iron as Fe®®Cl3, reduced with a stoichiometrical 
amount of cysteine, were used for labeling in vitro. 

Preparation of vitellin followed the procedure of Plimmer (29). Diluted 
yolk was made to a concentration of 10 per cent NaCl by adding solid 
NaCl, then extracted three times with 2 volumes of 40:1 ether-alcohol. 
The aqueous solution was diluted with 10 volumes of distilled water and 
allowed to stand overnight at 3°. Centrifugation yielded the vitellin 
fraction, while the supernatant contained the “livetin” fraction. 

The dialyses were performed on 1 to 2 ml. samples in bags of Viscose 
tubing, which were suspended in 50 volumes of various solutions at 3° 
with agitation for 16 hours. Fe? was determined by counting both the 
inside and outside solutions in a well type Geiger counter. Iron remaining 
in the dialysis bags was determined chemically by a wet-ashing procedure 
(30), in which the iron in the digest is measured colorimetrically as the 
o-phenanthroline complex. 


RESULTS AND DISCUSSION 


The data given in Table II show that, upon lipide extraction and isola- 
tion of vitellin, the iron isrecovered quantitatively with the phosphoprotein. 
A similar observation has been made by Saha and Mazumder (10). How- 
ever, denaturation doubtless occurs during the lipide extraction; thus 
the appearance of iron with the isolated vitellin may not represent its 
occurrence in the native state. 

Upon centrifugation after simple dilution with saline (Table II), whereby 
denaturation is unlikely, the iron is again seen to appear in the precipitate. 
Schmidt et al. (31) have also noted that, when undiluted yolk was centri- 
fuged at high speeds, all of the iron was precipitated. The precipitated 
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material probably consists largely of vitellin, since this protein is insoluble 
at jionie strengths corresponding to those of native egg yolk. 

On electrophoresis of the diluted yolk (Fig. 3), the iron is likewise found 
to remain with the insoluble protein fraction. 

These results imply that the iron of egg yolks is intimately associated 
with the phosphoprotein components. Although 75 per cent of egg yolk 
phosphorus is contained in phospholipides (25), electrophoresis and lipide 
extraction show that the lipides do not bind iron. 

The behavior of egg yolk and other forms of iron on dialysis is given in 
Table III. Iron contained in or added to vitellin alone shows the same 
results on dialysis as the iron of whole egg yolk, illustrating the influence 


TABLE II 
Distribution of Iron upon Fractionation of Egg Yolk 


Per cent of total iron 


Procedure Fraction Labeled Labeled 
im vitro 
| Fe Few, Fe | Fe” 
Vitellin preparation Lipide | 0 oO | 
Livetin | 2; 1] 4] O 
Vitellin 9 99 96 100 
Centrifugation at 3000 X g, 30 min. Supernatant 6 6 15 17 
Ppt. 95 «+93 85 
70,000 g, 30 min. Supernatant 2 5. 
Ppt. | 


of phosphoprotein on the behavior of iron. In neither case (Columns A 
and B) did iron dialyze in the presence of the iron-chelating compound, 
o-phenanthroline, or ascorbic acid at neutral pH. It was removed only 
by ethylenediaminetetraacetic acid, by ascorbie acid at low pH, or by a 
strong reducing agent, thioglycolic acid, at neutral pH. Tompsett (9) 
has likewise shown that ferric iron added to egg yolks, whether untreated 
or digested with pepsin, does not dialyze at pH 4 or 7, while some ferrous 
iron will dialyze at the lower pH only. 

Hill (4), Needham (6), and Sherman et al. (7) have suggested that iron 
in egg yolks is present as colloidal ferric hydroxide. The present studies 
support this conclusion, except to add that a strong binding effect of the 
phosphoprotein must occur. Comparison of the several columns of 
Table ILL shows that ferric iron is much more susceptible to dialysis than 
is egg yolk iron. Addition of phosphate, or phosphate plus protein (egg 
white) (Columns C and D), to ferric iron causes the results to parallel 
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those obtained with egg yolk more closely, but only the presence of phos- 
phorus bound in protein, as in vitellin, reproduced them completely (Col- 
umns A and B). 

The binding effect of phosphoprotein is apparently non-specific. In 
the centrifugation studies reported in Table II, the electrophoretic studies 
(Fig. 3), and on dialysis of different types of yolk preparations (Table IV), 


ELECTROPHORESIS 
OF EGG YOLK 


LIPDE PROT Fe Pd” LIPOE PROT Fe Fe™ 


() LABELED LABELED 
VITRO. VIVO 


Fig. 3. Paper deinsniiiaiiatts of egg volk diluted with 0.9 per cent NaCl (see the 
text). Whatman 3MM paper was used in a level free suspension type of apparatus 
maintained at 3°. The buffer contained Veronal, pH 8.6, ionic strength 0.05, plus 
20 per cent methanol as used by McKinley et al. (32). After a run of 15 hours at 7.2 
volts per cm., the papers were dried, and alternate sections were stained for lipide 
with Sudan IV, for protein with naphthalene black 10B, or for iron by spraying with a 
solution of o-phenanthroline and thioglycolic acid at pH 5. Fe5* was determined by 
radioautography in run (a) by using an exposure of 4 days against x-ray film and 
in run (b) by direct counting with an end window Geiger counter fitted with a lead 
shield having a 3 mm. slit. 


no differences could be detected between the behavior of the iron of the 
yolk and of added tracer amounts of radioiron. This would rule out in- 
corporation of iron into specific organic molecules by the ovary during 
yolk formation. Furthermore, even after peptic digestion for 3 hours, the 
effect of the yolk on dialysis of iron is unchanged (Table IV). The com- 
plete similarity of behavior of native yolk iron to that of tracer iron added 
either biologically or in vitro would seem to validate the use of either of 
these methods of labeling for studies of iron absorption in vivo. 

The fact that iron of egg yolks, or iron added to egg yolks, is not removed 
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after peptic digestion and dialysis at pH 3, except with the addition of a 
large amount of ascorbic acid (Table IV), is in accordance with the find- 


TaBLeE III 
Dialysis of Egg Yolk Iron Compared to Other Forms of Iron 


Solution outside bag Per cent of iron dialyzing in 16 hrs. at 3° 


E ‘tellin 
dik | Vitellin pO." Fe®Cls | FeSO, 


Composition pH (Fes?) PO 

(A) (B) (C) (D) (E) (F) 
0.1 m NaCl-0.05 m Veronal..........| 7.4) 0 0 1 0 7 21 
0.1% o-phenanthroline.............. 6.9 5 4 11 S 44 53 
1% ascorbic acid...................| 7.41 4 2 10 25 77 97 
2 28 44 96 97 
0.01 “ EDTA*. 4.6 81 | s9 | 84 | 99 | 97 | 7 
1% ascorbic acid. . 2.4, 97 93 99 98 97 96 
0.1 M thioglycolic acid. 7.4, 94 90 67 96 96 98 


‘oneentrations, Column A, 0.3 gm. of egg yolk containing 15 y of Fe per ml. in 0.9 
per cent NaCl; average of eggs labeled in vivo and in vitro with Fe. Column B, 
vitellin from 0.3 gm. of egg volk containing 15 y of Fe per ml; Fe** added in vitro as 
Fet*. Column C, 0.3 gm. of egg white plus 15 y of Fe per ml. in 0.01 mM PO,y. Column 
D, 10 7 of Fe per ml. in 0.01 mM POy. Column E, 10 ¥ of Fe per ml. Column F, 10 
of Fe per ml. 

*EDTA = ethylenediaminetetraacetic acid. 


TABLE IV 
Dialysis of Iron and Tracer Radioiron from Various Preparations of Egg Yolk 
Solution outside bag Per cent of iron dialyzing in 16 hrs. at 3° 
Labeled in vivo | Labeled im vitro | Hentic digest 
Composition pH 
Fe Fe Fe*® Fe Fe® 
0.1 Nac 0.05 7.4 0 0 0 0 10 0 
0.1% o-phenanthroline..............| 6.9 8 8 8 2 12 10 
Distilled water.....................| 3.5 2 0 9 0 8 2 
1% ascorbic acid...................| 7.4 0 3 0 6 0 3 
3.2 0 3 0 3 1 2 
0.01 m EDTA*. 4.6 | 82 85 75 77 82 86 
1% ascorbic acid. . 2.4 97 98 94 96 79 92 
0.1 m thioglycolic acid. 7.4 93 96 87 91 88 92 


* EDTA, ethylenediaminetetraacetic acid. 


ings of absorption studies (2, 9, 11-15). Moore and Dubach (15) found 
only 8 per cent or less of radioiron of eggs to be absorbed by human subjects 
when iron was fed alone, or with less than 85 mg. of ascorbic acid, but found 
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absorptions ranging from 14 to 70 per cent when fed with 85 to 1000 mg. 
of ascorbic acid. A preliminary report (33) has been made on further 
studies on the relationship of phosphate, phosphoprotein, and egg yolk 
to iron absorption. 


SUMMARY 


1. The iron metabolism of the laying hen has been studied by the use of 
Fe®®, Allocation of iron between hemoglobin and egg yolk formation was 
observed, both upon initial injection and upon subsequent breakdown of 
red cells at the end of their normal life span. The processes of formation 
of hemoglobin and egg yolk apparently both draw upon the plasma iron 
pool. 

2. The average red cell life span for the small (0.9 kilo) hens studied has 
been found to be 24 days. 

3. Radioautographic studies have shown that iron is deposited in egg 
yolks in a concentric manner and that iron deposited in egg yolks does not 
exchange with plasma iron. 

4. Chemical studies on egg yolks, including those containing tracer 
iron, indicate that iron in egg yolk is in the ferric state, that it is not held 
in specific organic combination, and that its properties are due mostly 
to a strong binding by the phosphoprotein present. 
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THE METABOLISM OF LACTALDEHY DE* 
V. METABOLISM OF L-FUCOSE 
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Although L-fucose is a naturally occurring methylpentose found in blood 
group substances and in many animal as well as plant tissues, little is 


CHOPO;H:2 
HOCH C=O 
| 
Isomerase HCOH PKPE | 
HCOH HCOH 
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CH; CH; 
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1-phosphate 1-phosphate 
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known of its biosynthesis. In a previous paper (1) it was suggested that 
L-fucose could be synthesized in vitro from 6-deoxy-L-sorbose-1-phosphate! 
by the action of three enzymes, a phosphoketopentoepimerase type en- 
zyme (2), a pentose isomerase (3), and a phosphatase. 

The data presented here demonstrate the phosphorylation of L-fucose and 
L-fuculose. In addition, the data show that L-fuculose can be converted 
to 6-deoxy-L-sorbose by PKPE or a similar type of enzyme. 


Materials and Methods 


Pentose isomerase was prepared according to the method of Green and 
Cohen (3) from a cell-free extract of Escherichia coli Ba‘s, which had been 
grown on p-arabinose. Phosphoketopentose epimerase was prepared from 
an extract of Lactobacillus pentosus? by the method of Stumpf and Horecker 
(2). It was purified up to the step of heat treatment and dialyzed at 5° 
against distilled water. Myogen A was prepared from rabbit muscle 
according to the method of Baranowski and Niederland (4). 

L-Fuculose was prepared by refluxing L-fucose in pyridine (5). It was 
separated from fucose on a cellulose column (1.6 em. XK 55 em.) by use of 
benzene-ethanol-water (169:47:15) as the eluent (6). Protein was deter- 
mined by the method of Stadtman et al. (7), and fucose and fuculose by 
the method of Dische and Shettles (8). The cysteine-carbazole reaction 
of Dische and Borenfreund (9) was used for the detection of fuculose. 


Results 


Phosphorylation of Fucose and Fuculose—KEach methylpentose was 
incubated with ATP and an extract of F. coli that had been prepared by 
grinding 0.7 gm. (wet weight) of cells with 2 gm. of aluminum oxide for 5 
minutes. The enzymes were extracted from the paste with 10 ml. of cold 
water and the extract was freed from cell debris and aluminum oxide by 
centrifugation. Phosphate esters were precipitated with ZnSO,-Ba(OH), 
reagents and phosphorylation was determined as the difference between 
the amount of fucose or fuculose present in control and experimental 
reaction mixtures. The control reaction mixture was prepared by heating 
the complete reaction mixture for 2 minutes in boiling water before incuba- 
tion. The complete system (final volume 1.0 ml.) consisted of 2 um. of 
L-fucose or 1.8 wm. of L-fuculose, 5 um. of ATP, 0.1 ml. of 0.1 m MgCh, 
0.2 ml. of 0.1 m Tris buffer, pH 7.5, 0.3 ml. of FE. coli extract, and 0.1 ml. 


1The following abbreviations are used: DSP, 6-deoxy-L-sorbose-1-phosphate; 
PKPE, phosphoketopentoepimerase; ATP, adenosine triphosphate; DPNH*, re- 
duced diphosphopyridine nucleotide; DHAP, dihydroxyacetone phosphate; Tris, 
tris(hydroxymethyl)aminomethane. 

2 Cultures of FE. coli Ba‘;s; and L. pentosus were obtained from Dr. 8. 8. Cohen and 
Dr. B. L. Horecker, respectively. 
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of 0.05 mM NaF. After the incubation at 37° for 60 minutes, 0.3 ml. of the 
reaction mixture was treated with 1.0 ml. each of ZnSO, and Ba(OH). 
and made up to 4.0 ml. with distilled water. 1.0 ml. of the filtrate was 
assayed for fucose or fuculose. It was found that 48 per cent of the L- 
fucose and 37 per cent of L-fuculose were phosphorylated and that 2 per 
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TIME IN MINUTES 

Fic. 1. Oxidation of DPNH* in the presence of myogen A and DHAP. The 

reaction mixture contained 1.0 ml. of the supernatant fluid (see the text), 0.06 ml. 

of 0.006 mw DPNH*, 0.3 ml. of 0.1 Mm cysteine, and 1.8 ml. of water and 0.1 ml. of my- 

ogen A solution (containing 250 y of protein). Before the addition of myogen A, 

the optical density was about 1.300, and after its addition the first reading was taken 

as zero time. See the text for the details of the experiments exemplified by Curves 
A, B, C, D, and E. 


cent or less of each substrate was phosphorylated in the absence of added 
ATP. 

Metabolism of Fucose—The conversion of fucose to some derivative 
capable of oxidizing with DPNH*, when incubated with myogen A (which 
contains aldolase and a-glycerophosphate dehydrogenase), was studied. 
8 umoles of L-fucose were incubated with 15 ymoles of ATP, 30 umoles of 
MgCl, 90 wmoles of potassium phosphate buffer (pH 7.5), 0.9 ml. of enzyme 
extract (6.5 mg. of protein) of F. coli (which contained a kinase and an 
isomerase), and 0.5 ml. of PKPE preparation in a total volume of 3 ml. 
After 2 hours of incubation at 37°, the reaction mixture was adjusted to 
pH 5.0 and heated in a boiling water bath for 2 minutes. It was then di- 
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luted to 4 ml. with distilled water and the protein precipitate removed by 
centrifugation. 1 ml. of the supernatant fluid was used as substrate in the 
experiment shown in Fig. 1. Apparently the supernatant fluid from the 
complete system, Curve A, provided substrate for myogen A and oxidized 
DPNH*, whereas only a minimal amount of substrate for this system was 
formed in the system when the enzymes were inactivated by heat before 
incubation, Curve D, and also in the experiment in which ATP was omitted 
from the reaction mixture, Curve C. If the epimerase preparation was 
withheld from the reaction mixture, the oxidation of DPNH* was only 
about 30 per cent as fast, which suggests that the extract of enzymes pre- 
pared from EF. coli contained a suboptimal amount of epimerase, Curve B. 
Curve E demonstrates the effect of omitting both ATP and epimerase from 
the reaction mixture. When 2 ml. of supernatant fluid were used instead 
of 1 ml., as shown in Curve A, the oxidation of DPNH* was extremely 
rapid. The optical density (340 my) decreased from about 1.000 to 0.400 


in 20 seconds. 


DISCUSSION 


Both t-fucose and L-fuculose were converted to a methylpentose phos- 
phate when incubated with an extract of . coli and ATP. This extract 
also catalyzes the isomerization between fucose and fuculose. Therefore, 
it is not clear whether both are phosphorylated or whether one is pref- 
erentially phosphorylated, followed by isomerization to the other one. 
It is probable that L-fuculose 1-phosphate was formed, as will be seen from 
the ensuing discussion, although L-fucose 1-phosphate may also have been 
formed. The oxidation of DPNH* by the a-glycerophosphate dehydro- 
genase of myogen A requires dihydroxyacetone phosphate (DHAP) as 
its substrate. It seems likely that a compound such as DSP was derived 
from a ketomethylpentose phosphate (L-fuculose 1-phosphate) rather than 
an aldomethylpentose phosphate (L-fucose l-phosphate), and therefore 
served as a substrate for the aldolase of myogen A. This contention is sup- 
ported by the observation that aldolase action provided DHAP for the a- 
glycerophosphate dehydrogenase action, whereas the aldomethylpentose 
phosphate would not be expected to form DHAP under these conditions. 
The fact that DHAP was formed, as evidenced by the demonstration of 
the substrate for a-glycerophosphate dehydrogenase, is good evidence that 
phosphorylation of the methylpentose occurred at the 1 position. Because 
more DHAP was formed when an epimerase was added to the reaction 
mixture, it is probable that the epimerization of L-fuculose 1-phosphate to 
6-deoxy-L-sorbose (DSP) occurred. The hydroxy! groups on carbon atoms 
3 and 4 in DSP are trans to one another and, according to Tung, Ling, 
Byrne, and Lardy (10), aldolase prefers substrates in which carbons 3 and 
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4 are trans rather than cis to one another. Carbons 3 and 4 of L-fuculose 
1-phosphate are of the cis configuration; therefore, it is probable that 
it was not the substrate for aldolase. 

It is conceivable that the biosynthesis of L-fucose is the result of aldolase 
condensation of L-lactaldehyde with dihydroxyacetone phosphate to form 
§-deoxy-L-sorbose phosphate, which in turn is converted to L-fuculose 
phosphate by epimerase action. This ketomethylpentose is converted to 
L-fucose by an isomerase. It has been demonstrated by Neuberg (11) as 
well as in this laboratory (12) that lactaldehyde can be converted to lactic 
acid and to propanediol. Thus, carbons 4, 5, and 6 of L-fucose may come 
from either carbohydrate or from fat, inasmuch as propanediol has been 
shown to be an intermediate in the oxidation of acetone (13). 


SUMMARY 


Both L-fucose and L-fuculose were shown to be phosphorylated by incu- 
bating them with a cell-free extract of Escherichia coli Ba‘,s, in the presence 
of adenosine triphosphate. A phosphoketoepimerase, prepared from an 
extract of Lactobacillus pentosus, appeared to convert L-fuculose 1-phos- 
phate to 6-deoxy-L-sorbose phosphate. The biosynthesis of L-fucose was 
briefly discussed. 
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THE METABOLISM OF HISTIDINE 
Il. EFFECTS OF FOLIC ACID DEFICIENCY* 


By ROBERT C. BALDRIDGE 


(From the Department of Physiological Chemistry, Temple University 
School of Medicine, Philadelphia, Pennsylvania) 


(Received for publication, October 14, 1957) 


The mechanism of and possible cofactors involved in the straight deami- 
nation of histidine remain unknown. Neither pyridoxal phosphate, es- 
tablished as a cofactor in transamination of many amino acids, nor biotin, 
implicated in the straight deamination of aspartic acid, apparently plays a 
role in this reaction (1). 

Ichihara et al. (2) have reported low levels of histidase in the livers of 
rats which were fed goat’s milk (presumably low in folie acid) or diets which 
contained Aminopterin. However, conflicting reports (3, 4) have been 
published as to the effect of folic acid on the activation of partially purified 
preparations of liter histidase. If folic acid were to function in some co- 
enzyme role in straight deamination reactions, additions to or revisions of 
present concepts (5) of the mode of action of derivatives of this vitamin 
would seem to be required. Thus, it was of interest to study further the 
effects of dietary folic acid deficiency on levels of liver enzyme systems in- 
volved in the metabolism of histidine. 


EXPERIMENTAL 


Methods—-Male, white rats (initial weight 40 to 50 gm.) were pair-fed 
diets similar to those described previously (see (1) ‘“‘Pyridoxine-control 
animals’), except that casein was fed as 20 per cent and sulfasuxidine as 
1 per cent of the diets, and p-aminobenzoic acid was omitted. Appro- 
priate changes were made in sucrose content. Folie acid was omitted from 
the vitamin mixtures fed to the deficient rats. In the first group of ani- 
mals to be reported, no choline was fed to either control rats or rats on 
deficient diets (choline-folic acid deficiency). In the second group, the 
diets fed contained choline (simple folic acid deficiency). After 7 weeks 
of dietary control, animals fed diets lacking in folie acid exhibited typical 
symptoms of folie acid deficiency (6). Several died in severe deficiency 
states, and the surviving control animals were then fed 10 gm. per day of 
the control diet. Data were obtained from five rats on the deficient diet 


* Supported in part by a grant from the National Institutes of Health, United 
States Public Health Service (grant No. A650, M and N). 
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and seven control rats in the first group and from five diet-deficient and 
eleven control animals in the second group. 1 week before death the mean 
leucocyte count for the folic acid-deficient animals was 5250 (range 3600 
to 6250) and that for the control rats was 12,400 (range 8350 to 17,300). 
Corresponding values for hematocrit readings were 35 per cent (range 26 
to 48 per cent) and 44 per cent (range 40 to 51 per cent). The mean body 
weights were 110 and 165 gm., respectively. | 

The animals were killed during the 8th week, and liver histidase, uro- 
canase, and rhodanese levels and per cent dry weight were determined as 
described previously (1), except that histidase and urocanase analyses 
were made with a Cary recording spectrophotometer equipped to main- 
tain the temperature of the incubation mixtures at 30°. Since the average 
percentage dry weight of the livers from the folie acid-deficient animals 
was less (mean 28.3, range 27.3 to 29.7 per cent) than that of control rats 
(mean 31.2, range 30.5 to 32.0 per cent), the results are expressed as units 
(micromoles of appropriate substrate destroyed per minute (1)) per gm. of 
dry liver tissue. 


Results 


The results obtained with the first group of animals are shown in Table 
I. Choline was omitted from the diet of these animals in an attempt to 


TaBLe I 
Enzyme Levels in Livers of Folic Acid-Choline-Deficient and Control Rats* 


Enzyme Diet Range Mean Pt 
unils per gm.3 unils per gm. 

Histidase Control 0.44-1.11 0.80 >0.05 
Deficient 0.40-1.14 0.61 

Urocanase Control 0. 68-1. 26 1.02 <0.01 
Deficient 0.41-0.76 0.65 

Rhodanese Control 1660-2440 2060 <0.05, >0.01 
Deficient 1270-1910 1620 


* Seven control and five diet-deficient rats. 

t Probability level according to Fisher's ¢ test (8). 

t Micromoles of substrate destroyed per minute per gm. of dry liver (1): histidase, 
pH 9.2, 30°; urocanase, pH 7.4, 30°; rhodanese, pH 8.8, 20°. 


hasten the depletion of folic acid in accordance with the suggestion of 
Stekol et al. (7). The livers from the animals fed the diet lacking in both 
choline and folic acid appeared to be infiltrated with fat and the superna- 
tant material obtained after centrifugation of homogenates therefrom was 
milky in each case. The observed depression in mean levels of the enzymes 
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studied may have been related to an increased fat content. However, 
only urocanase concentrations were significantly lower (P <0.01 (8)) in 
the livers of the diet-deficient than in those of control rats. 

Data obtained from the second group of rats (simple folic acid deficiency) 
are shown in Table Il. The levels of histidase in livers of rats severely 
depleted of folie acid did not differ from those of control rats. However, 
the levels of urocanase were significantly lower in the livers of the animals 
on the deficient diet. The similar concentrations of rhodanese are inter- 
preted as an indication that liver enzyme protein synthesis in general was 
not affected by the simple folic acid deficiency. 


Il 
Enzyme Levels in Livers of Folic Acid-Deficient and Control Rats* 


Enzyme Diet Range Mean | Pt 
unils per gmt unils per em | 

Histidase Control 0.66-1.10 0.83 
Deficient 0.58-1.13 0.83 

Urocanase Control 1.10-1.53 1.29 <0.01 
Deficient 0.87-1.02 0.94 

Rhodanese Control 1120-2020 1590 >0.05 
Deficient 1250-1840 140 


* Eleven control and five diet-deficient rats. 

t Probability level according to Fisher's ¢ test (8). 

t Micromoles of substrate destroyed per minute per gm. of dry liver (1): histi- 
dase, pH 9.2, 30°; urocanase, pH 7.4, 30°; rhodanese, pH 8.8, 20°. 


DISCUSSION 


The report by Ichihara et al. (2) of decreased levels of liver histidase in 
folic acid-deficient rats was based upon measurement of the rate of dis- 
appearance of histidine by a modification of the bromination procedure of 
Kapeller-Adler; liver preparations were analyzed after an incubation period 
of 2 hours at 37°. In the present work, histidase was determined by meas- 
urement of the rate of formation of urocanic acid during a 10 to 15 minute 
period immediately after addition of substrate to an incubation mixture by 
a specific spectrophotometric method. In view of the disparity of the 
data reported here with that of Ichihara ef al. (2), it seems likely that 
reactions other than the straight deamination of histidine to urocanic acid 
were measured by the latter workers. 

The present finding of decreased levels of urocanase in the livers of folie 
acid-deficient rats is of interest. Folic acid or some derivative thereof may 
be involved as a cofactor in an intermediate reaction in the conversion of 
urocanic acid to a-formamidinoglutarie acid. An alternative explanation 
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that an accumulation of a-formamidinoglutaric acid (known to occur dur- 
ing folic acid deficiency (9)) might cause an inhibition of urocanase activity 
remains to be tested. 


SUMMARY 


1. Levels of urocanase, but not of histidase, are significantly lower in 
livers of folic acid-deficient and folic acid-choline-deficient rats than in 
those of control animals. 

2. Liver rhodanese levels were similar in folie acid-deficient and control 
rats but were somewhat lower in folic acid-choline-deficient than in cor- 
responding control animals. 

3. The suggestion is made that folic acid or a derivative may serve as a 
cofactor in the initial steps of the degradation of urocanic acid in the rat. 


The technical assistance of Mrs. Donna R. Bullock is gratefully acknowl- 
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PHOTOSYNTHETIC PYRIDINE NUCLEOTIDE REDUCTASE* 


I. PARTIAL PURIFICATION AND PROPERTIES OF THE ENZYME 
FROM SPINACH 


By ANTHONY SAN PIETRO ann HELGA M. LANGT 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, July 12, 1957) 


In 1939, Hill (1) reported the fundamental discovery that isolated 
chloroplasts possess the ability to affect a portion of the over-all reaction 
of photosynthesis; namely, the photolysis of water. In the original ex- 
periments of Hill, ferric oxalate was used as the hydrogen acceptor. During 
the past 20 years, a variety of substances has been found to function 
as oxidant for the Hill reaction (2). Of special interest are the pyridine 
nucleotides in view of their well known physiological function as coenzymes 
in numerous enzyme-catalyzed reactions. 

The ability of illuminated chloroplasts to reduce pyridine nucleotides 
was first demonstrated in 1951-52 by Vishniae and Ochoa (3, 4), Tolmach 
(5), and Arnon (6). In these experiments, the formation of reduced pyri- 
dine nucleotides was demonstrated indirectly by coupling the photochemi- 
cal reaction with a suitable dehydrogenase and measuring the formation of 
the product of the dehydrogenase system. No directly measurable reduc- 
tion of pyridine nucleotides was observed in the absence of the coupling 
system (7). It was, therefore, suggested (4, 7) that the inability of pyri- 
dine nucleotides to undergo directly measurable reduction was a conse- 
quence of their low oxidation-reduction potential (Fo at pH 7 = —0.32 
volt) since most substances that are effective as oxidants in the Hill reac- 
tion have high oxidation-reduction potentials (4o’ at pH 7 = +0.1 to 
+0.4 volt). 

In 1956, San Pietro and Lang (8) presented evidence that, under the 
proper conditions, photochemical reduction of pyridine nucleotides can 
indeed be demonstrated directly. It was shown that when DPN' is 

* Contribution No. 211 of the MeCollum-Pratt Institute. This investigation was 
supported by a research grant (No. RG-4143)(C2)) from the National Institutes of 
Health, United States Public Health Service. 

+t Present address, Nazareth College of Rochester, Rochester, New York. 

' The followmg abbreviations are used: DPN and DPNH, oxidized and reduced 
diphosphopyridine nucleotide; TPN and TPNH, oxidized and reduced triphospho- 
pyridine nucleotide; acetylpyridine-DPN and acetylpyridine-TPN, the 3-acet ylpyri- 
dine analogues of DPN and TPN; NMN, nicotinamide mononucleotide; a-DPN, 
a isomer of DPN; Tris, tris(hydroxymethyl)aminomethane; ATP, adenosine tri- 
phosphate. 
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incubated with chloroplast grana, in the light, either aerobically or anaero. 
bically, DPNH accumulates in the reaction mixture. In these studies, 
however, it was necessary to employ fairly high concentrations of grana 
and DPN. At low grana concentrations (less than 60 y of chlorophyll per 
ml.), no measurable reduction of DPN occurred. At higher grana con- 
centrations, the amount of DPNH formed was almost directly proportional 
to the amount of grana initially present. Similar results were obtained 
when the reaction was carried out either aerobically or anaerobically. 

Preliminary results at that time indicated that it was possible to dem- 
onstrate reduction of pyridine nucleotides at low grana concentration, 
provided that a soluble extract of chloroplasts was added (8). This finding 
allows one to measure directly the initial rate of photochemical reduction of 
pyridine nucleotides since the reduction can be followed spectrophoto- 
metrically by measuring the increase in absorption at 340 my of the reac- 
tion mixture without prior removal of the grana. Previously, we found 
it feasible only to determine the total amount of reduced nucleotide formed 
during a certain incubation period. 

The present paper is concerned with the isolation of a soluble enzyme 
from either chloroplasts or whole spinach leaves, which is required in addi- 
tion to grana for the photochemical reduction of pyridine nucleotides. 
The enzyme has been partially purified and certain of its properties studied. 
It will be shown that the enzymatic reaction requires the intact dinucleotide 
structure, and, in addition, appears to be more active toward TPN than 
toward DPN. It is tentatively suggested that the enzyme be named 
“photosynthetic pyridine nucleotide reductase.”’ 


Materials and Methods 


Preparation of Grana—Spinach leaves, purchased at a local grocery, 
were depetioled and the midribs removed and ground with 8 times their 
weight of ice-cold buffer (0.05 mM NasHPO.-KH2PO,, pH 7, 0.4 m sucrose, 
and 0.01 m KCl). Grinding was carried out in a Waring blendor at 100 
volts for 3 minutes. The homogenate was filtered through cheesecloth 
and glass wool to remove the coarse material and the filtrate was centrifuged 
for 2 minutes at 4600 XK g. The supernatant fluid was centrifuged for 20 
minutes at 18,000 * g; the residue from the high speed centrifugation was 
suspended in buffer and centrifuged again at 18,000 K g. The final residue 
was made up in 10 ml. of buffer for each 25 gm. of spinach leaves. Chloro- 
phyll concentration was determined by the modification of Arnon (9). 

Nucleotides—DPN and TPN were purchased from the Pabst Labora- 
tories.2. The 3-acetylpyridine analogues of DPN and TPN, which were 


2? Part of the DPN used in these studies was a generous gift of the Pabst Labora- 
tories. 
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prepared enzymatically by an exchange reaction catalyzed by pig brain 
DPNase as described by Kaplan and Ciotti (10, 11), were a generous gift 
of Dr. N. O. Kaplan. NMN and a-DPN were also supplied by Dr. N. O. 
Kaplan. ‘These two compounds were prepared as described by Kaplan and 
Stolzenbach (12). 

Nucleotide concentration in the stock solutions was determined by 
the cyanide procedure described by Colowick et al. (13). The value of 
7.7 for the millimolar extinction coefficient of the cyanide complex of 
acetylpyridine-DPN and acetylpyridine-TPN at 340 my was used. For 
a-DPN, the value of 5.0 for the millimolar extinction coefficient of the 
cyanide complex at 332 my was used. For DPN, TPN, and NMN, the 
value of 6.3 for the millimolar extinction coefficient of the eyanide complex 
at 325 my was used. 

When the acetylpyridine analogue of DPN or TPN was used as the 
acceptor in the Hill reaction, the reduction of analogue was measured at 
365 mu. The concentration of reduced analogue was calculated by using 
the value of 7.7 for the millimolar extinction coefficient of reduced ana- 
logue at this wave length. 

Determination of Activity—Enzymatic activity was determined by meas- 
uring the initial rate of formation of reduced pyridine nucleotides in the 
Hill reaction. In this procedure, the photochemical reduction process is 
followed directly by measuring the increase in optical density at 340 my 
(or 365 my) as follows: The reaction mixture, which contains buffer, pyri- 
dine nucleotide, enzyme, and grana, is prepared in a glass cuvette’ and 
mixed. The optical density of the mixture is measured at a given wave 
length, as indicated above, against a blank which contains only buffer and 
grana. The cuvette containing the reaction mixture is partially immersed 
in a water bath at 12-15° and illuminated for a certain period of time. 
The light source was either a 75 or 100 watt bulb at a distance of approxi- 
mately 3 inches. After illumination, the cuvette is returned to the spectro- 
photometer and the optical density is again measured. The increase in 
optical density, calculated from the two measurements, serves as a measure 
of the enzymatic activity. In all the experiments reported, a Beckman 
model DU spectrophotometer with a photomultiplier attachment was used 
for the optical measurements. 

1 unit of enzyme is defined as that amount which produces a change in 
optical density of 1.0 in 10 minutes at 340 my when the reaction mixture 
contains 100 y of chlorophyll per 3 ml. This unit of enzyme corresponds 
to the reduction of 4.8 umoles of pyridine nucleotide per mg. of chlorophyll 
in 10 minutes. 


3 Purchased from the Kontes Glass Company, Vineland, New Jersey. These cells 
have a light path of 1 em. and are 9.0 cm. in length. 
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Specific activity is expressed as units per mg. of protein. The protein 
content of the enzyme preparations was determined either by the Folin 
phenol reagent method of Lowry et al. (14) or by the ultraviolet absorption 
procedure of Warburg and Christian (15). 


Results 


Partial Purification of Enzyme from Spinach Leaves 


Preparation A—All steps of the purification were carried out at 0-4°; 
centrifugations were carried out in the cold. 

100 gm. of spinach leaves, purchased at a local grocery, were freed from 
veins and ground in 130 ml. of cold distilled water in the Waring blendor 
for 5 minutes at 100 volts. The dark green homogenate was filtered 
through a double layer of cheesecloth and glass wool and the residue dis- 
carded. To the dark green filtrate was added sufficient 0.5 m Tris-HCl 
buffer, pH 8, to give a final concentration of 0.05 m Tris. 

Acetone, previously cooled in the deep freeze, was added to the adjusted 
filtrate slowly and with mechanical stirring to a final concentration of 35 
per cent. The preparation was centrifuged at 1000 X g for 15 minutes and 
the clear yellow-green supernatant fluid, which contains the majority of the 
activity, was decanted and saved. The dark green residue contains very 
little of the activity and was discarded. 

The activity is precipitated from the supernatant solution by the slow 
addition of acetone, chilled in the deep freeze to a final concentration of 75 
per cent. During the addition, the solution was stirred mechanically. 
The precipitate is flocculent and settles rapidly when stirring is discon- 
tinued. After several minutes, the greater part of the supernatant fluid 
can be decanted before collection of the precipitate by centrifugation for 5 
minutes at 1000 K g. The resulting clear yellow-green supernatant fluid 
is discarded and the light brown-colored residue suspended thoroughly in 
10 ml. of ice-cold 0.005 m Tris, pH 8. The suspension is centrifuged at 
18,000 X g for 20 minutes and the residue discarded. The clear brown 
supernatant solution is dialyzed overnight against 0.005 m Tris, pH 8, 
in the cold. 

Further purification of the enzyme has been accomplished by the use of 
protamine sulfate. The enzyme is precipitated by the addition of 1 per 
cent protamine sulfate, pH 6, at a ratio of approximately 6 mg. of protamine 
sulfate to 100 mg. of protein. The solution is centrifuged for 15 minutes 
at about 1500 X g and the brown supernatant fluid discarded. The 
residue is extracted thoroughly with 0.5 m Tris, pH 8, and the resulting 
suspension centrifuged as above. The recovery of enzyme in the super- 
natant solution varied between 60 and 70 per cent and represents an in- 
crease in specific activity of approximately 4- to 7-fold. 
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The results of a typical purification are presented in Table I (Prepara- 
tion A). The recovery varied between 40 and 50 per cent and the range in 
purification varied between 20- and 35-fold.*| Many of the experiments 
reported were carried out with the Tris buffer extract of the acetone pre- 
cipitate. 

Preparation B—The enzyme has also been isolated from chloroplasts 
by the procedure described by Avron and Jagendorf (16) for the purifica- 
tion of a TPNH diaphorase from chloroplasts. This procedure has been 
described in detail elsewhere (16) and involves the following steps: (a) 
isolation of chloroplasts from spinach leaves; (6) extraction of the enzyme 


TABLE 
Summary of Enzyme Purification 


Preparation A: spinach leaves, 1000 gm., served as the starting material. Prep- 
aration B: spinach leaves, 1500 gm., served as the starting material. 


Fraction | Total units | Specific activity | Per cent recovery 
| 


Preparation A 


Crude homogenate............... 3060 0.11 
Extract of acetone ppt.......... 2040 0.68 67 
Protamine sulfate................ 1400 2.71 45 


Preparation B 


135 0.13 


Crude extract....... 
0.62 | 82 


Extract of acetone ppt........ 110 


from the chloroplasts; (c) precipitation with 3 volumes of acetone and 
extraction of the precipitate to yield the partially purified enzyme. 

The results of a typical purification are presented in Table I (Prepara- 
tion B). The specific activity of the purified enzyme is 0.62 unit per mg. 
of protein, and 82 per cent of the total units present in the crude extract 
are recovered. Some of the experiments reported were performed with 
this type of enzyme preparation. 

It is clear from the results presented in Table I that Preparation A 
is the preferred method of preparation of the enzyme. Whereas the specific 
activity of the partially purified enzyme (extract of acetone precipitate) 
from either preparation is the same, the recovery of enzyme relative to 
the amount of spinach leaves used is much greater in Preparation A than 


‘It is difficult to determine accurately the purification and recovery achieved in 
the acetone precipitation step due to the rather low specific activity of the enzyme 
in the crude homogenate. 
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in Preparation B. When 1000 gm. of spinach leaves are used as the 
starting material in Preparation A, 2040 units of enzyme are recovered; 
in Preparation B, the recovery is 110 units from 1500 gm. of spinach 
leaves. 
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Fig. 1. Enzyme concentration versus rate of TPN reduction in the presence of 
illuminated grana. Each reaction mixture contained 280 umoles of phosphate buffer, 
pH 7.1, 0.5 umole of TPN, enzyme, and grana equivalent to 125 y of chlorophyll. 
Final volume, 3 ml. The optical density of each reaction mixture at 340 my was 
determined before and after illumination as described in the text. Time of illumina- 
tion, 10 minutes. The results are presented as the increase in optical density at 340 
mu calculated from these two measurements. 


Properties of Enzyme System 


Effect of Enzyme Concentration—Fig. 1 illustrates the relationship of the 
concentration of enzyme to the amount of reduced pyridine nucleotide 
formed. In this experiment, TPN served as the Hill oxidant. It can be 
seen that the test is almost linear for quantities of enzyme which reduce 
up to25 percentof the TPN initially present. Similar results were obtained 
when DPN was used in place of TPN. 

Effect of Anaerobiosis—Although not indicated in Fig. 1, the amount 
of TPNH formed was the same, whether the reaction was carried out 
aerobically or anaerobically under an atmosphere of nitrogen. This 
finding is in contrast to our earlier results on the accumulation of reduced 
pyridine nucleotides by illuminated grana (8). In our original experi- 
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ments, more reduced nucleotide was formed under anaerobic conditions 
than aerobically. However, at that time it was possible to demonstrate 
accumulation of reduced pyridine nucleotides only at high concentrations 
of grana and nucleotide. In the present experiments we are using rather 
low concentrations of grana and nucleotide and, in addition, are providing 
the enzyme required for the reduction of pyridine nucleotides. This 
difference in experimental conditions could conceivably account for the 
lack of dependence on anaerobiosis in the present experiments. 

Light Dependence—The light dependence of the reaction was determined 
as follows: Two complete reaction mixtures containing grana, buffer, 
DPN, and enzyme were prepared and the optical density of each at 340 


TaBLeE II 
Light Dependence of Pyridine Nucleotide Reduction 


Each reaction mixture contained 250 uwmoles of phosphate buffer, pH 7.1, 0.83 
pmole of DPN, 500 y of enzyme, and grana equivalent to 60 y of chlorophyll. Final 
volume, 3 ml. Each cuvette was flushed with nitrogen for 2 minutes and stoppered. 
The dark reaction cuvette was wrapped with tinfoil. The optical density of each 
reaction mixture at 340 my was determined before and at the end of each of two 
successive 5 minute periods of illumination as described in the text. 


Total AEs 
Total time of incubation 
Light Dark 
5 0.180 0.005 
10 0.355 0.008 


mu was determined. One was illuminated and the other kept in the dark 
by wrapping the cuvette with tinfoil. The increase in optical density was 
then determined at the end of each of two successive 5 minute intervals of 
incubation. The results of such an experiment are presented in Table II. 
It can be seen that no DPNH is formed when the complete reaction mixture 
is incubated in the dark in contrast to incubation in the light. Identical 
results were obtained when the reaction was carried out aerobically rather 
than anaerobically under an atmosphere of nitrogen. 

The product of the light reaction in Table II was identified enzymatically 
as DPNH with acetaldehyde and yeast alcohol dehydrogenase (17). Simi- 
larly, when TPN was used as the Hill acceptor, TPNH was identified 
enzymatically with the glutathione reductase from peas which is specific 
for reduced TPN (18). 

Nucleotide Specificity—The nucleotide specificity of the enzyme was 
determined in the following manner: Each reaction mixture contained 
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grana,® buffer, nucleotide, and enzyme. The increase in optical density 
was measured for a 5 minute period of illumination either at 340 or 365 
mu, depending on the absorption properties of the nucleotide used. The 
results of such an experiment are presented in Table III. It is clear from 
these data that the enzyme is specific for the intact dinucleotide structure 
since NMN is not reduced in this reaction. The finding that the enzyme 
is specific for the intact dinucleotide is in agreement with our earlier results 
on the accumulation of reduced pyridine nucleotides by illuminated grana 
(8). 

The observation that a-DPN is not reduced, even though it contains 
the intact dinucleotide structure, is consistent with the findings of Kaplan 


TABLE III 
Nucleotide Specificity 
Fach reaction mixture contained 250 umoles of phosphate buffer, pH 7.3, pyridine 
nucleotide; 590 7 of enzyme and grana equivalent to 80 7 of chlorophyll. Final 
volume, 3 ml. The optical density of each reaction mixture at either 340 or 365 mu 
was determined before and after iNuminhtion for 5 minutes. The increase in op- 
tical density was used to calculate the amount of reduced pyridine nucleotide formed. 


Nucleotide Initial concentration 

pmoles per 3 ml. | umole 
Acetylpyridine-TPN.................... 0.82 | 0.134 
Acetylpyridine-DPN....................1 1.10 | 0.059 


@-DPN 0.83 | 0.015 


et al. (19) that a-DPN cannot replace DPN in several DPN-dependent 
dehydrogenase systems. 

Furthermore, of the two natural coenzymes, the enzyme exhibits a 
greater activity with TPN than with DPN, the initial rate of reduction 
of DPN being only about 70 per cent of the rate observed with TPN. 
A typical time-course of the reaction for these two nucleotides is shown in 
Fig. 2. 

It is possible to explain the apparent lack of specificity for either TPN 
or DPN in one of several ways. In brief, these possibilities are as follows. 
(a) The reduction of both coenzymes could be catalyzed by a single enzyme 
which is non-specific with respect to the coenzyme; (b) it is possible that 


5 The grana used in this experiment were prepared in 0.01 mM phosphate-0.01 m KCl 
buffer, pH 7, rather than the 0.4 mM sucrose-0.05 m phosphate-0.01 mM KCI buffer, pH 7. 
Identical results were obtained with grana prepared in the latter buffer. 
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the reduction of each coenzyme is catalyzed by a single enzyme which is 
specific for only one of the coenzymes; (¢) it could be that the reduction is 
catalyzed by a single enzyme, which is specific for only one of the natural 
coenzymes, and that all of the other nucleotides tested are reduced second- 
arily by virtue of a transhydrogenase type reaction (20, 21). 

It is interesting that, whereas acetylpyridine-TPN is reduced at a rate 
comparable to that obtained with TPN, acetylpyridine-DPN is reduced at 


0.8F 


TPN 
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Fig. 2. Time-course of pyridine nucleotide reduction. Each reaction mixture 
contained 250 pmoles of phosphate buffer, pH 7.4, 0.8 umole of DPN or 0.83 umole of 
TPN, 590 y of enzyme, and grana equivalent to 92 y of chlorophyll. Final vol- 
ume,3 ml. The optical density of each reaction mixture at 340 mp» was measured 
before and at the end of each of four successive 5 minute periods of illumination. 


approximately one-half this rate. The finding that the acetylpyridine 
analogues are reduced is entirely consistent with the observations of Kaplan 
et al. (22) that the analogues can function as coenzymes in a number of 
dehydrogenase systems. The mechanism whereby the analogues are 
reduced is not known at the present time; they may be reduced directly by 
substituting for the natural coenzyme or through a transhydrogenase type 
reaction, 

Effect of TPN Concentration—The relationship between the rate of 
TPN reduction and the concentration of TPN initially present in the 
reaction mixture is shown in Fig. 3. It can be seen that, at low concen- 
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trations of TPN, the rate of TPN reduction is not proportional to the 
concentration of TPN initially present in the reaction mixture. The th 
reason for the lack of proportionality between these two quantities, at low tk 
TPN concentration, is not readily apparent at the present time. It is pe 
possible that it is due to a slow reoxidation of the TPNH formed which is Ww 
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Fig. 3. effect of TPN concentration. Each reaction mixture contained 250 
pmoles of phosphate buffer, pH 6.9, TPN, 590 y of enzyme, and grana equivalent to 
146 y of chlorophyll. Final volume, 3 ml. The optical density of each reaction mix- 
ture at 340 my was determined before and after illumination for 10 minutes. 

Fic. 4. Effect of pH on pyridine nucleotide reduction. Each reaction mixture 
contained 250 wmoles of phosphate buffer, 0.8 umole of TPN, 590 y of enzyme, and 
grana equivalent to 146 y of chlorophyll. Final volume, 3 ml. The optical density 
of each reaction mixture at 340 my was determined before and after illumination for 
10 minutes. 


independent of the TPNH concentration in the reaction mixture. Alter- 
natively, the nature of the initial portion of the curve presented in Fig. 3 
suggests the possibility that 2 molecules of TPN are involved in the re- 
action sequence. 

pH Optimum—The pH-dependence of the reaction is shown in Fig. 4. 
As can be seen, the maximal rate is obtained when the pH of the reaction 
mixture is 6.9, although the rate does not vary markedly over the pH range 
tested. 
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It is important to realize that we are measuring the effect of pH on 
the total reaction rather than on an isolated portion of the reaction. In 
the simplest formulation, the complete system can be thought to be com- 
posed of at least two components. One of these is the photolytic system 
which catalyzes the photolysis of water to yield reducing and oxidizing 
potential. Secondly is a system which is capable of using this reducing 
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Fig. 5. Effect of grana concentration on the reduction of pyridine nucleotidese 
Each reaction mixture contained 285 umoles of phosphate buffer, pH 7.1, 0.5 wmol- 
of TPN, enzyme, and grana. Final volume, 3 ml. The optical density of each re- 
action mixture at 340 my was determined before and after illumination for 10 min- 
utes. O, 140 y of enzyme; @, 700 y of enzyme. 


potential, produced by the photolysis of water for the formation of reduced 
pyridine nucleotides. This is very conceivably an oversimplification of the 
actual process since nothing is known, to date, of the number of inter- 
mediate steps required to couple the formation of reducing potential and its 
eventual utilization for the formation of reduced pyridine nucleotides. In 
view of these considerations, it is clear that at the present time we can 
measure only the pH-dependence of the over-all reaction. 

Effect of Grana Concentration—The effect of grana concentration on 
the rate of formation of TPNH was determined at two different concen- 
trations of enzyme. ‘The results are shown in Fig. 5. It can be seen that 
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at either enzyme concentration the rate of photochemical reduction of 
TPN is linearly proportional to the grana concentration. This finding can 
be interpreted in one of several ways. First, it is possible that the grana 
contain a substance which in the reduced form serves as the substrate for 
the enzyme; that is, the hydrogen or electron donor for the reduction of 
pyridine nucleotides. In this case, the rate of pyridine nucleotide reduction 
could be proportional to the substrate (or grana) concentration, provided 
that we are operating on the linear portion of the substrate concentration 
curve for the enzyme. Alternatively, it is possible that the activity re- 
quires the formation of a ternary complex between the enzyme, pyridine 
nucleotide, and a molecule present in the grana, which, in the light, is in an 
activated or excited state. If the existence of the excited state is transitory, 


TABLE IV 


Effect of p-Chloromercuribenzoate on Photochemical Reduction of TPN 
by Illuminated Grana 


Each reaction mixture contained 270 umoles of phosphate buffer, pH 7.1, 0.5 umole 
of TPN, 700 y of enzyme, inhibitor, and grana equivalent to 125 y of chlorophyll. 
The control flask contained everything but inhibitor. Final volume, 3 ml. The 
optical density of each reaction mixture at 340 my was determined before and after 
illumination for 10 minutes. 


Inhibitor concentration | AEs | Per cent inhibiton 

0 0.407 

1.6 X 10 6 0.420 

4.0 10-6 0.368 9.6 

8.0 K 10-6 0.340 16.4 

1.2 10-5 0). 202 50.4 

1.6 XK 10-5 0.039 90.5 


then the probability of formation of the ternary complex would be increased 
by increasing the grana concentration. These two explanations are rather 
similar; the major difference is in the nature of the substance which serves 
as the substrate for the enzyme. 

Effect of Inhibitors—The effect of various inhibitors on the reduction of 
TPN was determined as follows: The complete reaction mixture contained 
buffer, TPN, enzyme, inhibitor, and grana. The control contained 
everything but inhibitor. The optical density at 340 my of each was 
determined before and after illumination for 10 minutes. 

The results of the experiments with p-chloromercuribenzoate are pre- 
sented in Table IV. It can be seen that p-chloromercuribenzoate, at a 
concentration of 1.2 K 10-5 M, inhibits the reduction of TPN about 50 per 
cent. Although not indicated in Table IV, the per cent inhibition ob- 
tained with p-chloromercuribenzoate was approximately inversely pro- 
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portional to the enzyme concentration. At a concentration of 1.2 X 
10-* M, the inhibition was 50 per cent when the reaction mixture contained 
700 y of enzyme and 100 per cent when the reaction mixture contained 
280 7 of enzyme. 

The effect of a variety of other inhibitors on the reduction of TPN 
was also tested. These include sodium azide, iodoacetate, and cyanide 
at a concentration of 6 X 10~‘ M, sodium arsenite 3.3 X 10-4 mM; and Versene 
1X 10-*m. At these concentrations, each of the inhibitors was without 
effect on the reduction of TPN. 

Stability of Enzyme—The enzyme is stable when stored at —15° for 
several weeks. The activity is completely lost by keeping the enzyme at 
100° for 5 minutes. It is interesting that the heated enzyme, which is in- 
active when tested alone, is inhibitory when added to the complete reaction 
mixture containing unheated enzyme. 


DISCUSSION 


The reduction of pyridine nucleotides by illuminated grana requires 
at least two component systems; namely, the photolytic system (Equation 
1) and a system for transferring hydrogen (or electrons) from the photo- 
lytic system to the pyridine nucleotides, for example TPN (Equation 2). 
The (H) and (QO) represent reducing and oxidizing potential, respectively, 


oy) + C0) (1) 
2(H) + TPN+t + TPNH + H+ (2) 


formed by the photolysis of water. It is evident from the data presented 
above that the enzyme, which has tentatively been named ‘‘photosynthetic 
pyridine nucleotide reductase,” is required in addition to grana for the 
photochemical reduction of pyridine nucleotides. Our results support the 
hypothesis that the enzyme catalyzes the transfer of hydrogen (or electrons) 
from the photolytic system to the pyridine nucleotides (Equation 2). 
Additional evidence for this hypothesis is provided by the finding® that the 
enzyme is without effect on the photolytic activity of grana when measured 
either spectrophotometrically with 2,3 ,6-trichlorophenol-indophenol ac- 
cording to the procedure described by Jagendorf (23) or manometrically 
with ferricyanide. 

To date, nothing is known concerning the number of intermediate 
steps required to transfer hydrogen (or electrons) to the pyridine nucleo- 
tides. The catalytic activity of the partially purified enzyme preparation 
used in these studies could be the result of a single enzyme or a multi- 


® A. San Pietro, in preparation. 
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enzyme system. Further purification of the enzyme preparation is neces- 
sary before an unequivocal answer to this question can be offered. 

It should be noted that some 5 years ago Vishniac and Ochoa (4) ex- 
plained the low rate of pyridine nucleotide reduction observed in their 
experiments by the statement that “the grana may be deficient in one or 
more of the factors required to transfer hydrogen from the photolytic 
system to the pyridine nucleotides.’’ The results of our studies support 
their explanation. It is clear from the data presented in Fig. 1 that the 
rate of pyridine nucleotide reduction is proportional to the enzyme con- 
centration. In the absence of enzyme, there is no measurable reduction of 
pyridine nucleotides. The maximal rate of reduction observed in these 
experiments was 25 uwmoles per hour per mg. of chlorophyll. This rate is 
much higher than that of 0.03 to 1.6 wmoles per hour per mg. of chlorophy 
reported by Vishniac and Ochoa (4). Faster rates of nucleotide reduction 
have been reported by Hendley and Conn (24), who used chloroplast frag- 
ments and the TPN-glutathione reductase system from wheat germ or 
parsley. The maximal rate obtained by them was 38 umoles per hour per 
mg. of chlorophyll. It is possible that the reductase preparations used in 
their experiments contained the enzyme described herein. 

In recent experiments, we have been using whole chloroplasts rather 
than grana. The chloroplasts are prepared according to the procedure of 
Arnon et al. (25), with the exception that sucrose-phosphate-KCl buffer is 
used in place of NaCl. The maximal rate of pyridine nucleotide reduction 
with whole chloroplasts is approximately 3 times that obtained with 
grana for an equivalent amount of chlorophyll.* In either case the ratio of 
photolytic activity as measured with dye (23) to TPN reduction is about 4. 

The finding that the enzyme can be isolated from chloroplasts (Table 
I, Preparation B) suggests the possibility that it is essential in photo- 
synthesis. According to present concepts (2), TPNH and ATP are re- 
quired for the reduction of carbon dioxide to the level of carbohydrate. 
The TPNH is necessary for the reduction of 1 ,3-diphosphoglyceric acid to 
glyceraldehyde-3-phosphate by triosephosphate dehydrogenase. This is 
the only step in the reduction of carbon dioxide which requires reducing 
potential. The presence of a TPN-linked triosephosphate dehydrogenase 
in green leaves has been established by Gibbs (26) and Arnon (27). It 
seems reasonable, therefore, that the enzyme we have isolated would serve 
to provide the reduced pyridine nucleotide (TPNH) required in the carbon 
dioxide reduction pathway. The observation that the enzyme exhibits a 
greater activity toward TPN than toward DPN is in accord with the re- 
quirement of TPNH, not DPNH, for the reduction of carbon dioxide in 
photosynthesis. 

Recently, Whatley et al. (28) have shown that the reduction of carbon 
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dioxide by broken chloroplasts requires ATP, pyridine nucleotides, and a 
soluble extract of chloroplasts. In view of the data presented above, it 
seems reasonable to assume that one of the essential factors present in 
the chloroplast extract used in their experiments was the enzyme described 
in the present paper. This hypothesis is based upon the similarity between 
our observations and those of the Arnon group. First, they found (28) 
that added TPN exerts a greater stimulatory effect than does added DPN 
on the fixation of carbon dioxide by broken chloroplasts supplemented with 
a water extract of chloroplasts. This finding is in agreement with our data 
on the nucleotide specificity (Table III) of the enzyme described herein. 
In their experiments and ours, DPN was approximately 70 per cent as 
effective as TPN. In addition, they reported (25) that 1.5 *K 10-4 w 
p-chloromercuribenzoate completely inhibited carbon dioxide fixation by 
whole chloroplasts. We have observed a similar inhibition of TPN re- 
duction by grana with this inhibitor (Table IV). The effect of this inhibi- 
tor on the reduction of TPN by whole chloroplasts is essentially the same 
as that observed with grana.® 

The reduction of pyridine nucleotides by illuminated grana (or chloro- 
plasts) is difficult to interpret in terms of known oxidation-reduction 
potentials if the reduction is a 1 quantum process. If, for example, the 
reduction of TPN is pictured as proceeding according to Equation 3, then 


TPN* + H,O — TPNH + H* + 40, (3) 


the energy required for this reaction is approximately +52 ke. per mole. 
Since the energy of 1 Einstein (6 X 10” quanta) of red light is about 44 ke., 
it is evident that the reduction of pyridine nucleotides would proceed only to 
a small extent at pH 7. For example, Arnon (29) has calculated that 
the energy of 1 quantum of red light is sufficient to maintain the ratio of 
reduced to oxidized pyridine nucleotide at 10-° at pH 7.0 and an oxygen 
tension of 0.2 atmosphere. The results presented in this paper are in- 
compatible with this calculation. It would appear, therefore, that the 
reduction of pyridine nucleotides by illuminated grana (or chloroplasts) 
requires more than 1 quantum of red light. Since the reduction of pyridine 
nucleotides is a 2 electron process, it is possible that the reaction requires 
1 quantum per electron transferred to the pyridine nucleotide. This 
does not necessarily imply that the reaction proceeds through a free radical 
intermediate, since Baltrop et al. (30) have presented a mechanism for the 
reduction of pyridine nucleotides by way of thioctie acid which requires 2 
quanta of red light per molecule of reduced pyridine nucleotide formed. 

It should be noted, however, that Arnon et a/. (25) have suggested that 
“in photosynthesis by chloroplasts sulfhydryl compounds appear to be 
concerned not with the early (photolysis) but with the later phases of the 


eXx- 
eir 
or 
tic 
ort 
he 
yn- 
of 
is; 
f 
vil 
on 
g- 
or 
n 
or 
of 
n 


226 PYRIDINE NUCLEOTIDE REDUCTASE 


photosynthetic process (photosynthetic phosphorylation and especially 
carbon dioxide fixation).’’ This suggestion is based on their finding that 
iodoacetamide, p-chloromercuribenzoate, and arsenite did not inhibit the 
photolysis reaction, whereas they did inhibit carbon dioxide fixation. 
Furthermore, of the three sulfhydryl group inhibitors, only p-chloro- 
mercuribenzoate was inhibitory to photosynthetic phosphorylation. 

We have investigated the effect of added thioctic acid on the reduction of 
pyridine nucleotides by illuminated grana. The results of these experi- 
ments® indicate that the rate of reduction is the same in the presence or 
absence of thioctic acid. In addition, the enzyme preparation appears to 
be devoid of lipoic acid dehydrogenase when DPNH was used as substrate. 

In view of the energy considerations presented above, it is clear that, 
if the reduction of pyridine nucleotides is a 1 quantum process, a dis- 
crepancy of some 8 ke. (52 minus 44) exists between the energy input 
and that required for the reduction of pyridine nucleotides. It has been 
suggested by numerous investigators (see Whatley ef a/. (28)) that this 
additional energy could be provided by the pyrophosphate bond energy 
of ATP. In preliminary experiments with chloroplasts, all attempts to 
demonstrate the involvement of ATP in the reduction of TPN have been 
unsuccessful.6 The various approaches tested include the following: 
(a) addition of ATP; (b) addition of hexokinase? to the complete reaction 
mixture toremove any ATP present initially or formed during illumination; 
and (c) supplementation of the complete system with the soluble factor* of 
Avron and Jagendorf (31) which is required for photosynthetic phos- 
phorylation by washed chloroplasts. 

The effect of grana concentration on the rate of pyridine nucleotide 
reduction is not completely understood at the present time. The fact that 
the photolytic activity, measured by dye reduction, is greater than the 
rate of pyridine nucleotide reduction implies that the transfer of hydrogen 
from the photolytic system to the pyridine nucleotides is the rate-limiting 
step in our experiments. Under these conditions, it is difficult to explain 
the effect of grana concentration merely in the light of an increased photo- 
lytic activity. 

It is suggested, therefore, that the grana may provide, in addition 
to the photolytic system, a substance which is the acceptor of the (H) 
formed by photolysis and is reduced (Equation 4). In the reduced form, 


light 


HO+X —» XH. + 40, (4) 
XH, + TPN* — TPNH + H* 4+ X (5) 
light 
Sum: H,O + TPN+ —"— > TPNH + H+ + 40, (3) 


7 The hexokinase was a crystalline preparation from yeast and was a generous gift 
of Dr. S. P. Colowick and Dr. R. A. Darrow. 
® Kindly supplied by Dr. A. Jagendorf and Dr. M. Avron. 
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this substance could serve as the hydrogen (or electron) donor for the 
reduction of dyes, other Hill oxidants, or pyridine nucleotides (Hquation 5). 
The sum of Equations 4 and 5, in which X and XH, denote the oxidized 
and reduced forms, respectively, of the postulated substance, is equivalent 
to Equation 3. In the above scheme, the rate of pyridine nucleotide 
reduction will be linearly proportional to the grana concentration, pro- 
vided that the following assumptions are correct. First, the assumption is 
that essentially all of the X is present in the reduced form (XH) in 
illuminated grana. This is reasonable since the rate of photolysis 1s 
faster than the rate of pyridine nucleotide reduction by illuminated 
grana. Secondly, it is necessary to assume in our experiments that we are 
operating on the linear portion of the substrate saturation curve; 7.e., the 
rate of pyridine nucleotide reduction is linearly proportional to the sub- 
strate (XYH.) concentration. This assumption implies that the concen- 
tration of X (or XH.) in the grana is lower than that required to saturate 
the enzyme. This could well be the case since only a catalytic amount of 
X is required in this scheme. Under these conditions, the rate of pyridine 
nucleotide reduction will be linearly proportional to the concentration of 
XH, or the grana concentration. 

Alternatively, the grana could contain a molecule which, in the light, 
is in an activated or excited state (Equation 6). The return of the acti- 
vated molecule to the non-activated state would then be expected to provide 


light 6) 
y* + Ho + TPN+ — Y + TPNH + Ht + 40, (7) 
light 
Sum: TPN+ + H,O —“——> TPNH + H+ + 40, (3) 


sufficient energy to couple the protolysis of water with the reduction of 
pyridine nucleotides (Equation 7). Here, also, the sum of Equations 6 and 
7, in which Y and Y* represent the non-activated and activated forms, 
respectively, of the postulated molecule, is equal to Equation 3. 


The authors are indebted to Dr. 8. P. Colowick for many helpful dis- 
cussions and suggestions during the course of this investigation. 


SUMMARY 


1. An enzyme has been isolated from spinach leaves which is required 
in addition to grana for the photochemical reduction of pyridine nucleotides. 
The enzyme has been purified some 20- to 35-fold and its possible role in 
photosynthesis discussed. It has tentatively been suggested that the 
enzyme be named “photosynthetic pyridine nucleotide reductase.”’ 

2. The initial rate of photochemical reduction of pyridine nucleotides is 
linearly proportional to the amount of enzyme present in the reaction 
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mixture. No reduction occurs in the absence of enzyme or when the 
complete reaction mixture is incubated in the dark. Identical results are 
obtained when the reaction is carried out aerobically rather than anaero. 
bically under an atmosphere of nitrogen. 

3. The enzyme is specific for the intact dinucleotide structure since 
nicotinamide mononucleotide is not reduced in the reaction. 

4. Of the two natural coenzymes, the enzyme exhibits greater activity 
with triphosphopyridine nucleotide (TPN) than with diphosphopyridine 
nucleotide. 

5. The pH optimum of the reaction is about 7. 

6. The rate of photochemical reduction of TPN is linearly proportional 
to the grana concentration under the conditions employed. ‘Two possible 
interpretations of this finding have been presented. 

7. The reaction is inhibited by p-chloromercuribenzoate but is insensi- 
tive to azide, iodoacetate, cyanide, arsenite, and Versene. 
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METABOLIC PRODUCTS OF L-ASCORBIC ACID* 


By P. C. CHAN,f R. R. BECKER, ann C. G. KING 
(From the Department of Chemistry, Columbia University, New York, New York) 


(Received for publication, September 6, 1957) 


The carbon chain of L-ascorbic acid-C™ has been found to be converted 
almost entirely to carbon dioxide in the guinea pig (1-3), but a portion of 
the carbon in positions | and 2 gives rise to oxalie acid (1, 3). From 
tests with L-ascorbie acid-2,3,4,5,6-C™ in guinea pigs, the glucose iso- 
lated from liver glycogen was found to be uniformly labeled (2). This 
finding suggested a pathway for the catabolism of ascorbic acid via known 
patterns for other carbohydrates. 

The results of the present study indicate that dehydroascorbic acid is 
a major intermediate in the breakdown process and that L-xylose and 
oxalate are formed as subsequent products. In the supernatant fraction 
from liver homogenate, decarboxylation of dehydroascorbic acid occurred, 
and L-xylose was isolated as a product. Further evidence of a pentose 
pathway of ascorbic acid metabolism involving L-xylose is furnished by 
the data on C™ distribution in glucose derived from liver glycogen after 
injection of ascorbic acid-3 ,4,5,6-C™ (4). The keto form of L-xylose can 
be transformed by way of xylitol to p-xylulose by the enzyme systems 
reported by Touster ef al. (5) and Arcus and Edson (6). 


EXPERIMENTAL 


Normal male guinea pigs from Carworth Farms, Inc., and Hemlock Hol- 
low Farms, 2 to 3 months old and weighing 300 to 400 gm., were used after 
a standardization period of 10 days or more in the laboratory. 

Animals used for liver glycogen isolation were fed 500 mg. of glucose 
daily for 3 days in addition to the regular pellet diet and ascorbic acid 
supplement and were then fasted for 24 hours before injection with the 
isotopic compounds (7). 30 minutes before injection, 1.5 gm. of glucose 


* This investigation was aided by research grants from the Nutrition Foundation, 

Ine., and from the National Institutes of Health, United States Publie Health Serv- 
ice. 
Portions of the data in the present manuscript were presented orally at the Forty- 
eighth meeting of the Federation of American Societies for Experimental Biology at 
Chicago, April 15-19, 1957, and at the International Nutrition Congress, Paris, July 
26 to August 1, 1957. 

t The data given in the present manuscript are based in part upon the thesis sub- 
mitted by P. C. Chan in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy, Faculty of Pure Science, Columbia University. 
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were fed to stimulate glycogen synthesis. Glycogen was isolated accord. 
ing to the trichloroacetic acid procedure of Stetten and Stetten (8). 

Glucose derived from the glycogen was degraded by two different meth. 
ods, one according to Eisenberg (9) by way of gluconate to determine the 
radioactivity of carbons 1 and 6, and the other via glucosazone, which 
was oxidized with periodate (10) to determine the activity of carbons 1, 2, 
and 3 in the form of mesoxalaldehyde-1 ,2-bisphenylhydrazone. 

Liver slices were prepared with a Stadie-Riggs microtome (11). Liver 
homogenates were prepared in a Potter-Elvehjem homogenizer, with the 
use of isotonic KCI and sucrose solutions as media. ‘The mixture was kept 
at 0° during the 4 minute homogenization. 

Liver mitochondria were isolated from 0.25 M sucrose homogenates aec- 
cording to the procedure of Lardy and Wellman (12). The supernatant 
fraction of liver homogenate was obtained by centrifugation at 22,000 x g 
for 2 hours. 

All reactions were carried out in a Warburg constant volume respirome- 
ter at 37°. The flask contents are given for Tables I to 1V. At the end 
of the reaction the mixture was centrifuged, and its supernatant fluid was 
passed through a Dowex 50-X12 column in the hydrogen form and a Duo- 
lite A-4 column in the carbonate form to give the neutral fraction. The 
Duolite column was eluted with 1 N formic acid. The neutral fraction 
and the formic eluate were each concentrated under a vacuum at 40—45° 
to the volume of 0.5 to 1.0 ml. and further separated by paper chromatog- 
raphy by using three different solvent systems: 1-butanol-acetic acid-water, 
4:1:5, v/v (13); ethyl acetate-pyridine-water, 2:1:2, v/v (14); and 80 
per cent phenol with 20 mg. of 8-hydroxyquinoline per liter of solution (15). 

The radioactive spots on the chromatogram were detected by direct 
scanning through a model D46A Q gas counter (Nuclear Instrument and 
Chemical Corporation) and by radioautography by using Blue Brand, Ko- 
dak medical x-ray films. 

300 mg. of non-radioactive L-xylose were added to the mixture at the 
end of the reaction. After passage through the cation and anion exchange 
columns, the neutral fraction containing L-xylose-C™ was further purified 
by passage through a cellulose powder (Whatman standard grade) column 
with water-saturated 1-butanol as the developing solvent. The fractions 
containing xylose were detected with Tauber’s reagent (16). When the 
combined fractions were concentrated to near dryness, L-xylose appeared 
as a white precipitate. It was recrystallized several times from ethanol- 
water until a constant specific activity was obtained. Samples from suc- 
cessive crystallizations were converted into BaCOQ; for activity determina- 
tion. L-Xylosazone, prepared according to the method of Futterman and 
Roe (17), gave the same specific activity as the original xylose when con- 
verted to BaCQs3. 
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Radioactive samples of BaCO,; and calcium oxalate were counted di- 
rectly in a model D46A Q gas counter (Nuclear Instrument and Chemical 
Corporation). Other radioactive compounds were converted to BaCO; 
according to the method of Lindenbaum et al. (18) by using the reagents 
of Van Slyke et al. (19). All data were corrected for self-absorption, and 
the counting period was extended sufficiently long to bring the statistical 
deviation to within 2 per cent. 

All isotopic compounds were recrystallized until the specific activity was 
constant, and their melting points agreed with the values in literature. 

Ascorbic acid-1-C™ was synthesized by Salomon et al. (20). Ascorbic 
acid-2 ,3,4,5,6-C™ was synthesized by Rudoff et al. (2), by using a similar 
procedure, with uniformly labeled L-xylosone which was derived from pho- 
tosynthetic p-glucose-U-C™. L-Xylose-U-C™ was an intermediate in the 
synthesis of L-xylosone. Ascorbic acid-3,4,5,6-C™ was synthesized from 
L-xylose-U-C™.! 

Ascorbic acid oxidase from squash was kindly furnished by Dawson 
and Magee (21), and its activity was established by Nelson’s method in 
Lovett-Janison and Nelson (22). 

Cytochrome c, fructose 1 ,6-diphosphate, glucose 6-phosphate, and tri- 
phosphopyridine nucleotide were obtained from the Sigma Chemical Com- 
pany. Diphosphopyridine nucleotide was obtained from the Pabst Lab- 
oratories. 

RESULTS AND DISCUSSION 


When ascorbic acid-1-C™ was administered to either the rat (23) or the 
guinea pig (1), the radioactive carbon was recovered in two end products, 
respiratory CO, and urinary oxalate. To find whether the latter is an 
intermediate in CO, production, Weinhouse and Friedmann (23) and 
Curtin and King (24) tested oxalic acid-C™ in the rat. Only 0.4 to 1.0 
per cent of the substrate activity was found in the 24 hour respiratory COs. 
This very low conversion was confirmed in guinea pig liver slices in the 
present study. After incubation with 1 gm. of guinea pig liver slices at 
37° for 1 hour, the substrate was quantitatively recovered, within +0.02 
per cent. 

Stotz et al. (25) have observed cytochrome c activity in the oxidation of 
ascorbic acid in a guinea pig liver preparation. In the present study addi- 
tion of cytochrome c increased the production of C“O, from ascorbic acid- 
1-C" in liver slices, but there was no significant effect upon oxalic acid 
formation. The dependence of C“O, production upon cytochrome c sug- 
gested that dehydroascorbic acid might be an intermediate, since liver 
mitochondria and cytochrome c constitute a known system for the oxida- 
tion of ascorbic acid to its dehydro form (26, 27). 


' Becker, R. R., Dugal, L.-P., and King, C. G., unpublished. 
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Ascorbic acid oxidase from squash was also studied. The data recorded 


in Table I show that guinea pig liver homogenate plus either cytochrome ¢ 
or ascorbic acid oxidase or both resulted in about the same yield of C¥0,,. 


In the control flasks with heated homogenate (Flask 1) or homogenate 
without such addition (Flask 2), only a small amount of activity was found 
in the Hence, did not derive directly from ascorbic acid-1-C¥, 
but from dehydroascorbic acid produced either by the oxidase or the ho- 
mogenate-cytochrome c system. 

The above conclusion was further tested in an experiment with the mito- 
chondrial and supernatant fractions of liver homogenate. As shown in 


TABLE I 
Yield of CO. from Ascorbic Acid-1-C™ in Guinea Pig Liver Homogenate 


Flask No. Addition Activity in CO; 
per cent 
1 Heated homogenate + cytochrome c 1.3 
2 Homogenate only 0.4 
3 + cytochrome c 10.1 
4 + ascorbic acid oxidase 11.8 
5 + eytochrome c and ascorbic acid oxidase 12.0 


Each flask contained 0.5 ml. of 0.1 M phosphate buffer, pH 7.3, 0.5 ml. of 0.5 
KCl, 0.5 ml. of “10 per cent” liver homogenate in 0.15 m KCl, and 3.7 wmoles of as- 
corbie acid-1-C'™. 0.5 ml. of 4 & 10-4 mM evtochrome ¢ was added to Flasks 1, 3, and 5. 
0.2 ml. of ascorbic acid oxidase, with 5.4 Nelso : units, was added to Flasks 4 and 5. 
Water was added to make a total volume of 3.0 ml. per flask. In Flask 1, the ho- 
mogenate was heated at 80° for 5 minutes. Incubation was carried out at 37° in an 
air atmosphere for 1 hour. 


Table II, the flask containing only catalytic amounts of cytochrome c and 
the supernatant fraction resulted in a low yield of C“O.. The terminal 
oxidation system is known to be located mainly in the mitochondria (28). 
Only in Flasks 1, 2, and 4, where oxidizing systems for ascorbic acid were 
present, was there a large yield of C“O.. The relatively large yield of 
CQO, in Flask 4 shows that the factor responsible for the decarboxylation 
was present in the supernatant fraction. This is in agreement with the 
findings of De Salegui et al. (29), who studied the disappearance of dehy- 
droascorbie acid in rat liver homogenate fractions. 

Tests with chemically prepared dehydroascorbiec acid-1-C™ as substrate 
are recorded in Fig. 1. The control tests with heated homogenate and 
without any tissue preparation resulted in a yield of about 5 per cent of 
the activity in CO... Increasing yields of C“O,. were proportional to the 
amounts of the supernatant fluid, and the formation of oxalic acid was 
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TaBLeE II 
Yield of C“'O, from Ascorbic Acid-1-C™ in Guinea Pig Liver Fractions 
Flask No. Tissue fraction Addition Activity in CO: 
per cent 
l Mitochondria AAO* 9.5 
2 ny Cytochrome c 7.9 
3 0 0.5 
4 Supernatant AAO 16.9 
5 Cytochrome 2.5 
6 | ” 0 0.3 


: Each flask contained 0.5 ml. of 0.5 m KCl, 0.5 ml. of 0.1 Mm phosphate buffer, pH 
7.3, 0.5 ml. of either “10 per cent”? mitochondria suspension or ‘‘10 per cent”’ super- 
natant fluid of the homogenate in 0.25 m sucrose solution, and 3.3 wmoles of ascorbic 


- aeid-1-C™. 0.3 ml. of AAO, with 8.1 Nelson units, was added to Flasks 1 and 4. 


0.5 ml. of 4 X 10-4 m cytochrome c was added to Flasks 2 and 5. Water was 
added to make a total volume of 3.0 ml. The incubation was carried out at 37° in 
an air atmosphere for 1 hour. 

* Ascorbic acid oxidase. 


X HOMOGENATE 
. 4 HEATED HOMOGENATE 
o SUPERNATANT 
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PER CENT CONVERSION 


OXALIC ACID 


02 
MILLILITERS OF "10%" TISSUE PREPARATIONS 
Fic. 1. Yield of oxalie acid-C™ and CO, from t-dehydroascorbie acid-1-C™ in 
guinea pig liver preparations. The reaction mixture contained 0.8 ml. of 0.1 mM phos- 
phate buffer (pH 7.0), 1.0 ml. of 0.15 m KCl, and tissue preparation in 0.15 m KCI, 1.0 
ml. of water, and 3.8 uwmoles of L-dehydroascorbie acid-1-C™. Incubation was for 1 
hour at 37° in an air atmosphere. 


independent of the presence of the tissue preparations. In tissue slices, 
and in homogenates also, the formation of oxalic acid appeared to be non- 
enzymatic. When the whole homogenate was used, the yield of CO, 
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was the same as that obtained from the corresponding amount of the super- 
natant fraction. 

For the purpose of studying the remaining carbon chain of the vitamin 
after loss of the carboxyl carbon, ascorbic acid-2,3,4,5,6-C™ was used, 
In contrast to the findings in vivo of Rudoff et al. (2), the CO» production 
in liver slices was insignificant in comparison with the yield from ascorbic 
acid-1-C™ (Table III). The results indicated that carbon 1 of ascorbic 
acid was eliminated by decarboxylation and suggested that major cleavage 
between carbons 3 and 4 was unlikely. Therefore the investigation was 
directed toward testing the hypothesis that a pentose metabolic pathway 
might account for the observed uniform labeling of glucose derived from 
ascorbic acid-2 ,3 ,4,5,6-C™ (2). 


TABLE III 
Yield of CO. from Ascorbic Acid-1-C'* and Ascorbic Acid-2,3,4,5,6-C™ 
Experiment No. Period Ascorbic acid-1-C'™ Ascorbic acid-2,3,4,5,6-C™ 
hrs. per cent per cent 

1 2 49.6 0.7 

2 2 52.7 0.7 

3 1 38.7 0.2 

4 1 25.5 0.1 


Each flask contained 8.2 ml. of the Krebs-Ringer phosphate solution, pH 7.0, 0.8 
ml. of 4 X 10-4 m cytochrome c, 1 gm. of guinea pig liver slices, and 9 to 12 wmoles of 
ascorbie acid-C™ in 0.5 ml. of water. Incubation was carried out at 37° in an air 
atmosphere. 


Isolation of intermediates from the reaction mixture was attempted by 
separation of the supernatant fraction into neutral and acidic portions 
with ion exchange columns. Each fraction was further separated by paper 
chromatography. 

In addition to being converted enzymatically into various compounds, 
ascorbic acid decomposes non-enzymatically into small fragments during 
both the reaction period and the separation process. Therefore it was not 
surprising to find a large number of radioactive components in the acidic 
fraction, but there were only three or four prominent radioactive spots in 
the chromatograms of the neutral fraction. The Ry values of these com- 
ponents were compared with those of known compounds in three different 
solvent systems. Three of the compounds were identified as xylose, xylu- 
lose, and glucose, respectively. Xylulose and glucose showed much less 
radioactivity than xylose. The carrier technique was used to isolate radio- 
active L-xylose from the reaction mixture. Purification of the sugar was 
accomplished by cellulose powder column fractionation, followed by re- 
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crystallization until constant specific activity was obtained. In a 2 hour 
incubation with guinea pig liver slices, the conversion of ascorbic acid- 
2,3,4,5,6-C" to L-xylose was 0.09 per cent. However, this value is twice 
that found in an in vivo experiment in which L-xylose was isolated from a 
94 hour urine sample after injection of 4.1 umoles of ascorbic acid-2 ,3 ,4,- 
5,6-C'. In control experiments, xylose, xylulose, and glucose were not 
formed from the non-enzymatic breakdown of dehydroascorbie acid. 


TABLE IV 
Yield of t-Xylose-C™ from Dehydroascorbic Acid-2,3,4,5,6-C™ in Supernatant 
Fraction of Guinea Pig Liver Homogenate 


Experiment No. Gas phase Addition 

l,a Air 0.10 

1, b ae L-Xylose ‘‘trap,’’ 10 mg. 0.11 

2,a 0.11 

2, b - DPN, 10 umoles, + fructose 1,6- 0.62 
diphosphate, 15 umoles 

3,a;4,a Ne DPN, 4 uwmoles, + fructose 1,6- 2.0, 1.5 
diphosphate, 5 

3, b; 4, b ie TPN, 4 umoles, + glucose 6-phos- 2.9, 3.0 
phate, 10 umoles 


Experiments 1 and 2, each flask contained 4.0 ml. of ‘‘10 per cent”? supernatant 
fraction of liver homogenate in 0.15 mM KCl, 3.0 ml. of 0.1 mM phosphate buffer at pH 
7.0, 10 to 12-4moles of dehydroascorbic acid-2,3,4,5,6-C™, supplements, and water 
to make the final volume 10 ml. In Experiments 3 and 4, each flask contained 1.0 
ml. of ‘‘20 per cent’’ supernatant fraction of liver homogenate in 0.15 m KCl, 0.8 ml. 
of 0.1 m phosphate buffer at pH 7.0, 5 to 6 umoles of dehydroascorbic acid-2,3,4,5,6- 
C', 0.2 ml. of 0.1 M nicotinamide, 0.1 ml. of 0.1 Mm MgCl., supplements, and water to 
make the final volume 2.8 ml. 


Touster et al. (5) have described an enzyme system in the insoluble frac- 
tion of ruptured mitochondria, capable of transforming L-xylulose to xyli- 
tol, which in turn can be converted to p-xylulose and metabolized via the 
pentose cycle (30). It is possible that L-xylose is in equilibrium with its 
keto form which leads to the terminal breakdown pathway. Hence elim- 
ination of the L-xylulose-reducing enzyme in mitochondria might effect an 
accumulation of L-xylose in the catabolism of ascorbic acid. In Experi- 
ment 1, Table IV, dehydroascorbic acid-2,3,4,5,6-C™ was incubated in 
the supernatant fraction of liver homogenate. There was no apparent 
increase in the conversion either with or without an L-xylose ‘“‘trap.”” How- 
ever, upon addition of diphosphopyridine nucleotide (DPN) there was a 
6-fold increase in the conversion, as shown in Experiment 2. When the 
test was conducted in an atmosphere of nitrogen, the yield of L-xylose was 
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raised to 2 per cent by addition of DPN and to 3 per cent with triphospho- 
pyridine nucleotide (TPN) (Experiments 3 and 4, Table IV). 

Ascorbic acid-3 ,4,5,6-C™ was then prepared and used in further tests 
of the pathway toward glucose. Decarboxylation of this ascorbic acid 
should yield L-xylose-2 ,3,4,5-C™, which can be converted to p-xylulose. 
1,2,3,4-C% and then via the pentose cycle to form glucose-1,2,3,- 
4,5-C". The degree to which xylose and xylulose are equilibrated in vivo 
has not been established. Due to partial randomization of the 3-carbon 
fragments in the animal, a portion of the theoretical yield of C™ in carbon 
atom 1 was found in carbon 6, but the major part of the conversion was in 
agreement with theory, as shown in Table V. 


TABLE V 
Distribution of C' in Glucose Derived from Ascorbic Acid-3,4,5,6-C™ 
Total glucose-C™ 
Carbon atom C.p.m. per watom C X 107 
Found Calculated* 
per cent per cent 
1-6 5.2 100 100 
1, 2,3 5.3 53 60 
1 4.8 15 20 
2, 3 (Difference) 6.0 38 40 
4,5 2% 6.4 40 40 
6 2.3 7 0 


* Based upon metabolism entirely through the hexose monophosphate shunt. 


Uniformly labeled L-xylose was injected into a guinea pig, conditioned 
for glycogenesis, to test the degree of over-all conversion and excretion 
from this initial substrate. Within 6 hours, 3.17 per cent of the activity 
was recovered in respiratory COs, 1.85 per cent in liver glycogen, and 63 per 
cent in the urine, of which 92.5 per cent was isolated as L-xylose. Rudoff 
et al. (2) have used ascorbic acid-2 ,3,4,5,6-C" in a similar experiment and 
found 3.28 per cent of the labeled carbon in respiratory COs, 6.4 per cent 
in the urine, and 0.52 per cent in liver glycogen at the end of 6 hours. Even 
though more than half of the injected L-xylose was excreted, the yield of 
radioactive carbon found in liver glycogen was about 3.5 times greater 
than was found after administration of ascorbic acid-2 ,3,4,5,6-C™. These 
results, supplementing the isolation of L-xylose from in vivo and in vitro 
experiments with labeled ascorbic acid, support the hypothesis that L- 
xylose and t-xylulose are normal intermediates in the reactions by which 
ascorbic acid is converted to glucose. The formation of L-xylulose from 
L-gulonolactone has been reported recently by Burns and Kanfer (31) and 
Bublitz, Grollman, and Lehninger (32). 
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SUMMARY 


1. Studies of L-ascorbic acid-1-C" and related compounds in preparations 
of guinea pig liver indicated that L-dehydroascorbic acid is a major inter- 
mediate in the metabolic pathway toward carbon dioxide, oxalate, L-xylose, 
glucose, and glycogen. 

2. Production of from acid-1-C™ was largely 
dependent upon the supernatant fraction from liver homogenate, but the 
yield of oxalic acid-C™ was independent of the presence of liver tissue. 

3. t-Xylose-C™ was isolated from incubation mixtures of guinea pig 
liver homogenate fractions with either L-ascorbic acid-2,3,4,5,6-C™ or 
u-dehydroascorbic acid-2,3,4,5,6-C"%, but conversion to the dehydro 
form of the vitamin was a necessary intermediate step. The yield of L- 
xylose-C™ was increased 20- to 30-fold by addition of diphosphopyridine 
nucleotide or triphosphopyridine nucleotide to the homogenate super- 
natant fraction. 

4. Glycogen formation from L-xylose-U-C"™ in the guinea pig was 3.5 
times greater than from L-ascorbic acid-2,3,4,5,6-C™ under comparable 
conditions. 

5. All of the available data are in agreement with the hypothesis that 
t-xylose is formed as an intermediate during the conversion of ascorbic 
acid to glucose. This conclusion is further supported by the observed 
distribution of C' in the carbon chain of glucose prepared from guinea pig 
liver glycogen derived in vivo from injected L-ascorbic acid-3 ,4 ,5,6-C™. 
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A SOLUBLE RIBONUCLEIC ACID INTERMEDIATE IN 
PROTEIN SYNTHESIS*f 


By MAHLON B. HOAGLAND,{ MARY LOUISE STEPHENSON, JESSE F. 
SCOTT, LISELOTTE I. HECHT, anp PAUL C. ZAMECNIK 


(From the John Collins Warren Laboratories of the Huntington Memorial Hospital of 
Harvard University at the Massachusetts General Hospital, Boston, Massachusetts) 


(Received for publication, September 27, 1957) 


The cell-free rat liver system in which C'-amino acids are incorporated 
irreversibly into a-peptide linkage in protein has been used in our labora- 
tories for a number of years as a measure of protein synthesis. The 
essential components of this system are the microsomal ribonucleoprotein 
particles, certain enzymes derived from the soluble protein fraction, ade- 
nosine triphosphate, guanosine di- or triphosphate, and a nucleoside tri- 
phosphate-generating system (1-3). The ribonucleoprotein particles of 
the microsomes appear to be the actual site of peptide condensation. The 
soluble enzymes and ATP! have been found to effect the initial carboxyl 
activation of the amino acids (4). The role of GTP is not yet understood, 
although the present paper sheds light on its probable locus of action. 

Much evidence has accumulated in the past 8 years, beginning with the 
studies of Caspersson (5) and Brachet (6), implicating a role for cellular 
RNA in protein synthesis. The intermediate stages between amino acid 
activation and final incorporation into protein in the rat liver in vitro 
system offered us unexplored regions in which to seek more direct evidence 
for a chemical association of RNA and amino acids. A preliminary report 
of such an association has recently been presented by us (7). There it was 
shown that the RNA of a particular fraction of the cytoplasm hitherto 
uncharacterized became labeled with C'‘-amino acids in the presence of 
ATP and the amino acid-activating enzymes, and that this labeled RNA 
subsequently was able to transfer the amino acid to microsomal protein 


* This work was supported by grants from the United States Public Health Ser- 
vice, the American Cancer Society, and the United States Atomic Energy Commis- 
sion. 

t This is publication No. 916 of the Cancer Commission of Harvard University. 

t Scholar in Cancer Research of the American Cancer Society. Present address, 
Cavendish Laboratory, Cambridge University. 

1 The abbreviations used in this paper are as follows: RNA, ribonucleic acid; pH 
5 RNA, ribonucleic acid derived from the enzyme pH 5 fraction; AMP, adenosine 
5’-phosphate; ATP, GTP, CTP, UTP, the triphosphates of adenosine, guanosine, 
cytosine, and uridine; PP, inorganic pyrophosphate; PPase, inorganic pyrophospha- 
tase; PEP, phosphoenol pyruvate; Tris, tris(hydroxymethyl)aminomethane; and 
ECTEOLA, cellulose treated with epichlorohydrin and triethanolamine. 
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in the presence of GTP and a nucleoside triphosphate-generating system. 
This paper is a more definitive report on these studies. 


Materials and Methods 


Cellular fractions (microsomes and pH 5 enzymes) of rat liver and 
mouse Ehrlich ascites tumor were prepared by methods previously described 
(2, 3). Microsomes were generally sedimented at 105,000 X g for 90 to 
120 minutes instead of the usual 60 minutes in order to insure more com- 
plete sedimentation of microsome-like particles. pH 5 enzymes were 
precipitated from the resulting supernatant fraction by adjusting the pH 
to 5.2. 

Preparation of Labeled pH 5 Enzyme Fraction—The labeling of the 
pH 5 enzyme fraction was carried out by incubating 10 ml. of pH 5 enzyme 
preparation (containing 100 to 200 mg. of protein) dissolved in buff- 
ered medium (2) with 4.0 uwmoles of C'*-L-leucine (containing 7.2 x 
10° c.p.m.) and 200 umoles of ATP in a final volume of 20 ml. for 10 
minutes at 37°. The reaction mixture was then chilled to 0°, diluted 
3-fold with cold water, and the enzyme precipitated by addition of 1.0 
M acetic acid to bring the pH to 5.2. The precipitate was redissolved in 
5 to 10 ml. of buffered medium, diluted again (to 60 ml.) with water, and 
the enzyme reprecipitated at pH 5.2 with m acetic acid. This final pre- 
cipitate was washed with water and dissolved in 5.0 to 10.0 ml. of the cold 
buffered medium. 

Isolation of pH 5 RNA—Isolation of pH 5 RNA was carried out by a 
minor modification of the method of Gierer and Schramm (8) and Kirby 
(9). The labeled pH 5 enzyme solution as prepared above was shaken 
in a mechanical shaker at room temperature for 1 hour with an equal vol- 
ume of 90 per cent phenol, followed by centrifugation at 15,000 X g for 10 
minutes. The top aqueous layer containing the RNA-leucine-C"™ was 
removed with a syringe, more water was added, and, after thorough mixing, 
the centrifugation and withdrawal of the aqueous solution were repeated. 
Phenol was removed from the pooled aqueous solutions by three successive 
ether extractions. 0.1 volume of 20 per cent potassium acetate (pH 5) 
was then added, and the RNA was precipitated with 60 per cent ethanol 
at —10°, redissolved in water, and again precipitated from 60 per cent 
ethanol. The final precipitate was dissolved in a small volume of water 
and dialyzed against water for 4 hours in the cold. This method of extrac- 
tion was used as a preparative procedure and yielded 50 to 70 per cent of 
the RNA initially present in the enzyme preparation, and was also used 
to prepare microsomal and unlabeled pH 5 RNA. 

For analysis of pH 5 RNA-leucine-C™ in smaller incubations, NaCl 
was used to extract the RNA. To the incubation mixture (usually a 
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volume of 2.0 ml.), 10 volumes of cold 0.4 N perchloric acid were added. 
The resulting acid-insoluble precipitate, containing RNA and _ protein, 
was washed four times with cold 0.2 N perchloric acid, once with 5:1 etha- 
nol-0.2 N perchloric acid, once with ethanol in the cold, and once with 3:1 
ethanol-ether at 50°. The RNA was then extracted with 10 per cent NaCl 
at 100° for 30 minutes. (During this extraction, the pH drops to around 
2 to 3 and it is essential to permit this to occur; if the pH is held above 6, 
the isolated RNA contains little or no radioactivity.) The RNA was 
precipitated from the NaCl extract with 60 per cent ethanol at — 10°, and 
was dissolved in water and again precipitated with ethanol. The final 
ethanol suspension was filtered by suction onto disks of No. 50 Whatman 
paper. The dried RNA was counted by using a Nuclear micromil window 
gas flow counter, was then eluted from the paper with 0.005 N alkali, and 
the concentration determined by measuring the absorption at 260 my in a 
Beckman spectrophotometer by using an extinction coefficient of 34.2 
mg.-! em.” (10). This extraction procedure yielded 30 to 35 per cent of 
the RNA originally present in the incubation mixture. In experiments 
in which total counts are recorded, the specific activity of this NaCl- 
extracted RNA was multiplied by the total quantity of RNA initially 
added as determined by the method of Scott et al. (10). This was based 
on the assumption that the RNA extracted was a representative sample 
of the total. 

For the determination of the specific activity of the protein, the methods 
described previously (1, 2) were employed. 

The nucleoside triphosphate preparations, the triphosphate-generating 
system, and the C™-amino acids used in these studies were the same as 
those used in other recent work reported from this laboratory (2). 1 
umole of Mg** was added per micromole of nucleoside triphosphate in all 
cases. 


Results 


Labeling of RNA Cellular Fractions with Amino Acids—In the complete 
system required for incorporation of C'-amino acids into protein (micro- 
somes, pH 5 enzymes, ATP, GTP, nucleoside triphosphate-generating 
system, and C'*-amino acids), the RNA subsequently isolated was found 
to be labeled with C™-amino acids. Incubation of the (pH 5) enzyme 
fraction without microsomes under these conditions resulted in substan- 
tially more RNA labeling than in the complete system. Little labeling 
of RNA was observed when microsomes were incubated alone under the 
above conditions. Further analysis of the requirements for labeling of 
pH 5 RNA revealed that ATP alone was sufficient and that GTP and the 
generating system were not necessary. <A survey of the extent of labeling 
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of the RNA of various isolated liver cellular fractions with leucine is shown 

in Fig. 1, which shows that pH 5 RNA has the highest specific activity. 
Fig. 2 shows the dependence of labeling of pH 5 RNA upon leucine con- 

centration. Glycine-C™, valine-C™, or alanine-C™ gave about the same 


LABELING OF CELL RNA FRACTIONS 
WITH C'* LEUCINE 
(C.PM./MG. RNA) 
homogenate 222 
600xG. 
nuclei supernatant 423 
6 
15,000x G. 
mitochondria supernatant 565 2 
6 002+ 
105,000 G. 
supernatant 860 ool 
pH 5.2 
pe supernatant 19 
1650 micromoles leucine/ml. 
Fia. 1 Fia. 2 


Fic. 1. Cellular fractions were prepared from rat liver and resuspended or dis- 
solved in buffered medium (2). 0.75 ml. of each fraction was then incubated at 37° 
for 10 minutes with 10 wmoles of ATP, 0.1 wmole of L-leucine-C™ containing 180,000 
c.p.m., 5 umoles of PEP, and 0.04 mg. of pyruvate kinase in a final volume of 1.0 ml. 
4 umoles of potassium fumarate, 10 ~moles of potassium glutamate, and 10.0 ymoles 
of orthophosphate were added to the incubation mixtures containing the original 
homogenate, the 600 K g supernatant fraction, and the mitochondrial fraction, and 
these were shaken in an atmosphere of 95 per cent oxygen-5 per cent CO? during the 
incubation. 

Fic. 2. Leucine concentration curve for labeling of pH 5 RNA. 1.2 ml. of rat 
liver pH 5 enzyme preparation (approximately 13 mg. of protein), in buffered medium 
were incubated for 10 minutes at 37° with 20 umoles of ATP, L-leucine-C'* containing 
3.6 X 105 c.p.m. at the concentrations indicated, in a final volume of 2.0 ml. 


extent of labeling as leucine-C™ when each was present at a concentration 
of 0.007 m. When these amino acids were combined (0.007 m each), the 
labeling was approximately additive. The addition of a mixture contain- 
ing fifteen C-amino acids (lacking leucine) did not affect the extent of 
labeling with leucine-C™. Maximal labeling of 0.04 umole of leucine per 
mg. of RNA was attained with the most active liver preparations by using 
0.005 m leucine and 0.01 m ATP. 
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ATP was necessary for the labeling of the RNA with amino acids, and 
the extent of labeling depended upon the concentration of ATP (Fig. 3). 


a 
z 
cc 
3000+ = 
a 
oO 
2000r 
500 
E1000} 
micromoles ATP/ml MG. RNA ADDED 


Fia. 3 Fia. 4 


Fig. 3. ATP concentration curve for labeling of pH 5 RNA. 1.8 ml. of rat liver 
pH 5 enzyme preparation (20 mg. of protein) in buffered medium were incubated 
for 20 minutes at 37° with 0.2 wmole of L-leucine-C"™ containing 3.6 X 10° ¢.p.m. and 
ATP at the concentrations indicated, in a final volume of 2.0 ml. 

Fic. 4. Effect of addition of certain RNA preparations upon the labeling of pH 5 
RNA with leucine-C'*. RNA was prepared from the pH 5 enzyme (pH 5) and micro- 
some (Mic.) fractions of rat liver and from whole ascites cells (Ase.) by the phenol 
method. The quantities of RNA indicated, dissolved in 0.02 mM Tris buffer, pH 7.6 
(0.5 umole of MgCl, added per mg. of RNA), were incubated at 37° for 10 minutes in 
1.0 ml. volumes with pH 5 enzyme obtained from Ehrlich ascites cells (containing 
0.12 mg. of RNA), and the following final concentrations of additions: 0.01 m ATP; 
0.01 m PEP; 0.0038 m MgCl,; 0.038 m Tris, pH 7.6; 0.018 mM KC1; and 0.04 mg. of pyru- 
vate kinase. The total radioactivity in RNA plotted was calculated as the product 
of the specific activity of the RNA isolated by extraction by the NaCl method and 
the total quantity of RNA present at the end of the incubation period. Addition 
of liver pH 5 RNA to the liver pH 5 enzyme fraction produces a similar enhance- 
ment of incorporation to that shown here with the tumor enzyme. 


Maximal incorporation was reached at about 0.01 mM. A similarly shaped 
ATP concentration curve had earlier been found for the amino acid activa- 
Also, as 


tion reaction, as measured by hydroxamic acid formation (4). 


n- 
000 
pH5 
1500 

| 

| 

| 

| 

5 
a. 
” 
il | 
d 
e 
it 
| 
| | 


246 RIBONUCLEIC ACID AND PROTEIN SYNTHESIS 


in the activation reaction, the requirement for ATP was specific since 
GTP, CTP, and UTP did not replace this nucleotide. GTP, which is 
necessary for the over-all incorporation of amino acids into protein, did 
not affect the rate of labeling of pH 5 RNA by the pH 5 enzyme fraction, 
in the presence or absence of a mixture containing fifteen C'-amino acids 
(lacking leucine). 

The amino acid labeling of RNA was sensitive to ribonuclease. 10 
y per ml. of Worthington crystalline ribonuclease gave 40 per cent inhibi- 
tion, and 40 y gave 90 per cent inhibition in the presence of 10 mg. of en- 
zyme protein per ml. This inhibition was accompanied by a smaller loss 
of absorbance at 260 my in the acid-precipitable fraction. It is worth 
recalling at this point that the activation reaction, as measured by PP®. 
ATP exchange and hydroxamic acid formation, is not affected by ribonu- 
clease (4). 

The extent of incorporation of leucine-C™ into pH 5 RNA was markedly 
stimulated by the addition of isolated pH 5 RNA as may be seen in Fig. 4. 
The enhancement of labeling was relatively specific for this particular 
RNA, rat liver microsomal RNA and mouse ascites whole cell RNA being 
of low activity. The small amount of stimulation by microsomal RNA 
shown in Fig. 4 may well be due to contamination of microsomes with 
the supernatant fraction, since the microsomes were centrifuged from the 
undiluted 15,000 XX g supernatant fluid of a concentrated (30 per cent) 
homogenate. 

The labeling reaction proceeded linearly with time for 3 minutes and 
was complete in 10 minutes. In those preparations in which precaution 
was taken to minimize contamination with microsomes (by preparing 
pH 5 enzymes from a 105,000 & g supernatant fraction obtained after 
a centrifugation for 90 to 120 minutes), there was no loss of leucine-C™ 
for a period of 20 minutes after maximal labeling had been reached. Slight 
microsomal contamination, however, resulted in a loss of leucine from 
RNA after maximal labeling had been reached. 

After incubation of the (pH 5) enzyme fraction with leucine-C™ and 
ATP, these latter compounds could be largely removed by reprecipitation 
of the enzymes at pH 5 from dilute solution, as described. Upon subse- 
quent incubation of this reprecipitated fraction, the leucine label was 
rapidly lost from the RNA unless ATP was added (Table 1). The equiva- 
lent effect of a nucleoside triphosphate-generating system (PEP and pyru- 
vate kinase), also shown in Table I, was probably mediated through the 
presence of very small amounts of adenylates which coprecipitate with 
the pH 5 enzyme. PP, on the other hand, increased the extent of loss 
of label from the RNA. These findings suggested that the labeling process 
might be reversible. This possibility was rendered more probable by the 
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finding that, in the presence of added ATP, the addition of leucine-C” 
produced a dilution of the leucine-C™ labeling, as shown in Experiment 2, 
Table I. This would be expected if the following reactions were occurring: 


ATP + leucine-C™ + E = E(AMP ~ leucine-C™) + PP (1) 
E(AMP ~ leucine-C™) + RNA = RNA ~ leucine-C' + FE + (AMP) (2) 


The loss of label in the absence of added ATP would depend upon the 
presence of small amounts of indigenous PP. The failure of leucine-C” 


TaB_Le I 
Effect of Various Additions upon Loss of Leucine-C™ from Labeled pH 5 Enzyme 


Experiment No. | Addition | Amount Per —e 

1 None 0 75 
ATP 0.001 44 

0.005 35 

“« + AMP 0.005 each 37 

PP 0.01 6 

PEP | 0.01 24 

2 None | 0 79 
Leucine-C™ | 0.01 St 

ATP | 0.01 39 

4+ leucine-C' | 0.01 each 68 


L-Leucine-C'*-labeled pH 5 enzyme (0.4 ml.) was incubated at 37° for 7 minutes 
in a volume of 2.0 ml. with the concentrations of additions indicated. A concen- 
tration of MgCl. equal to that of PP was added with the latter. Pyruvate kinase 
(0.04 mg. per ml.) was added with the PEP. The initial specific activities of the 
RNA which were isolated from the pH 5 enzymes labeled during the preincubation 
were: Experiment 1, 770 ¢.p.m. per mg.; Experiment 2, 440 ¢.p.m. per mg. 


to effect a dilution in the absence of added ATP would be anticipated 
since, due to the high ATPase activity of the preparation and the absence 
of a generating system, the ATP concentration would be effectively zero 
and the reaction would proceed rapidly to the left. It is of interest in 
this connection that Holley (11) has described an alanine-dependent, 
ribonuclease-sensitive incorporation of C'-AMP into ATP catalyzed by 
the pH 5 enzyme preparation. This would suggest a reversal of an 
ATP-dependent reaction between alanine and RNA. However, other 
amino acids have not been found to stimulate such an exchange, suggesting 
that AMP is generally not a free product of reaction (2). The possibility 
must still be entertained, however, that ATP has some stabilizing effect 
upon the pH 5 RNA-amino acid bond not related to mass action. 
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A high concentration of NH»OH such as 1.2 mM, which was used to ob- 
tain amino acid hydroxamic acid formation with this preparation (4), also 
inhibits (90 per cent) the labeling of RNA with leucine. 

Some Properties of pH 5 RNA-Leucine-C“—The RNA of the enzyme 
(pH 5) fraction of rat liver represents 2 per cent of the total RNA of the 
cell and only 20 per cent of the RNA of the 105,000  g 2 hour super- 
natant fraction. It is present in a concentration of 3 mg. of RNA per 
100 mg. of protein. In the mouse ascites tumor essentially all the RNA 
of the 105,000 X g supernatant fraction precipitates at pH 5.2 and amounts 
to 20 per cent of the total RNA of the cell. 

The active component of the pH 5 enzyme fraction does not sediment 
at 105,000 X gin 3 hours. If one compares the activity and RNA content 
of the pH 5 enzyme prepared from a supernatant fraction obtained after 
1 hour or 3 hour centrifugations at 105,000 X g, one finds that the latter 
preparation contains only 50 per cent as much RNA as the former. The 
amount of leucine incorporated into the RNA of both preparations is, 
however, the same, suggesting that the RNA sedimented during the addi- 
tional centrifugation time is not active. 

RNA-leucine-C™ gave a mean sedimentation constant of 1.85 sx», 
at a concentration of 0.003 per cent in 0.15 Mm NaCl, 0.015 citrate, pH 
6.8.2. Preliminary studies indicate that this value is lower when effort is 
made to remove magnesium ion first by dialysis against citrate buffer. 
The material does not appear homogeneous, however, and probably rep- 
resents a range of molecular sizes. Preliminary results with paper elec- 
trophoresis suggest at least two major components. 

A sample of pH 5 RNA-leucine-C" extracted by the phenol method was 
fractionated on ECTEOLA (12). 1 mg. of RNA, dissolved in 0.01 
phosphate buffer at pH 7 and containing 4040 ¢.p.m. as leucine-C™, was 
placed on a column 0.2 cm. in diameter containing 50 mg. of ECTEOLA- 
SF (0.16 meq. of N per gm.).2 Elution was carried out with a gradient 
of NaCl in 0.01 m phosphate buffer at pH 7, which was established by 
feeding buffer containing 2.5 mM NaCl into a 500 ml. mixing flask. 1.5 ml. 
fractions were collected at a flow rate of 1.8 ml. per hour. The NaCl 
gradient was continued until the molarity of the effluent was about 2. 
In accordance with the general procedure of Bradley and Rich (12), the 
gradient was discontinued, the column washed with water, and 10 ml. of 
1 Nn NaOH were run through. Three fractions emerged: Fraction 1 failed 
to adhere to the exchanger and contained 14 per cent of the ultraviolet 
absorbance and 8 per cent of the radioactivity (free leucine, if present 

? We wish to thank Dr. J. Fresco and Dr. P. Doty of Harvard University for per 


forming these analyses. 
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would have been found in this fraction); Fraction 2 emerged at a mean 
molarity of 0.15 NaCl and contained 48 per cent of the absorbance and 
2 per cent of the radioactivity; and Fraction 3 was eluted with NaOH and 
contained 36 per cent of the absorbance and 68 per cent of the radioactivity. 
The final recovery amounted to 98 per cent of the ultraviolet absorbance 
and 78 per cent of the radioactivity. The low recovery of the radioactivity 
is most likely due to self-absorption in the NaOH-eluted fractions when 
plated for counting. These results, compared with those published by 
Bradley and Rich, suggest that at least 68 per cent of the leucine is bound 
to 36 per cent of the RNA of high sedimentation coefficient relative to that 
of the bulk of the sample. 

pH 5 RNA-leucine-C™ isolated from the pH 5 enzyme fraction by 
both the phenol and NaCl methods was readily bound by Dowex 1 and 
charcoal at neutral pH value. However, when the RNA-leucine-C™ was 
associated with pH 5 enzyme protein in the natural state, these agents 
did not take up the RNA. The isolated RNA-leucine-C™ was non-dialyz- 
able and stable against water, 10 per cent NaCl, or 8 Mm urea. There was 
no detectable acid-precipitable protein in the RNA extracted by the phenol 
method (1 per cent contamination could have been detected (15)). 

The leucine was completely released from the pH 5 RNA by 0.01 ‘ 
KOH in 20 minutes at room temperature. At pH 4 to 6, it was relatively 
stable and the labeled material as prepared by the phenol method could be 
kept some weeks in the frozen state. The leucine appeared to be covalently 
linked to the RNA, as judged from the following indirect evidence. Treat- 
ment of the RNA-leucine-C™ with the ninhydrin reagent indicated the 
absence of free leucine, although leucine is slowly released from the RNA 
during the course of the ninhydrin procedure. Treatment with anhydrous 
hydroxylamine, followed by chromatography of the products on paper 
(75 per cent secondary butanol, 15 per cent formic acid, 10 per cent water), 
resulted in a spot corresponding to leucine hydroxamic acid which con- 
tained all the radioactivity originally bound to the RNA. (A control of 
this experiment, in which the RNA-leucine-C"™ bond was first hydrolyzed 
in 0.01 ~ alkali, gave no radioactivity associated with the leucine hydrox- 
amic acid spot.) 

Labeling of RNA with Leucine-C™ in Intact Cell—lIf pH 5 RNA were on 
the pathway of protein synthesis, it would be reasonable to expect that 
in the intact cell it would become labeled with leucine-C" earlier than 
microsome protein. Previous studies in this laboratory by Littlefield and 
Keller (3) had shown that treatment of mouse ascites tumor microsomes 
with 0.5 m sodium chloride facilitates the centrifugal separation of ribo- 
nucleoprotein particles rich in RNA (about 50 per cent RNA, 50 per cent 
protein). The protein moiety of these “sodium chloride-insoluble” par- 
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ticles was found to be the most highly labeled protein fraction after incor- 
poration of leucine-C"™ by intact cells. A preliminary experiment in the 
rat showed that, at the earliest time point which it was possible to obtain 
after injection of leucine-C™ (1 minute), both RNA of the pH 5 fraction 
and the protein of the ribonucleoprotein particles of the microsomes were 
already maximally labeled. By use of mouse ascites tumor cells, it was 
possible to slow down the reaction by reducing the temperature of incuba- 
tion. After incubation of these cells with leucine-C™ at 25°, the cells were 
washed and lysed, and concentrated solutions were added to give a final 
concentration of 0.5 m NaCl, 0.005 m MgCh, and 0.01 m Tris buffer, pH 
7.6 (3). “NaCl-insoluble’”’ (NaCl particles) and “soluble” fractions of a 
10 minute 15,000 * g supernatant fraction were separated by centrifuga- 
tion at 78,000 * g for 2 hours. Both the protein and RNA were isolated. 
Since almost all of the RNA present in the soluble fraction of the ascites 
cells precipitates at pH 5, the RNA of this fraction may be considered pH 5 
RNA. The proteins of the soluble fraction represent the proteins of the 
NaCl-soluble components of the microsomes and the soluble cell proteins, 
Littlefield and Keller (3) have shown that these two fractions become la- 
beled at a slow rate and therefore they were not separated. The results 
of this experiment are shown in Fig. 5. Soluble and particle RNA became 
labeled maximally in 2 minutes and remained so as if a steady state had 
been reached, while the protein of the ribonucleoprotein particles continued 
to acquire new amino acid content throughout the incubation period. 
Incorporation into the other cell proteins started after an initial lag period 
and proceeded at the slowest rate. The rate of labeling of the pH 5 RNA 
is so rapid that it occurs to some extent at 0° and no satisfactory rate curve 
for this labeling process could be obtained, since the reaction is proceeding 
even during centrifugal separation of the fractions. Similar results were 
obtained when the cell fractions were prepared from a sucrose homogenate 
and the pH 5 RNA and the protein of the deoxycholate-soluble and -insolu- 
ble fractions of the microsomes were isolated. These data suggest that the 
pH 5 RNA-amino acid compound could be an intermediate in the incor- 
poration of amino acids into the proteins of the ribonucleoprotein particles 
of the microsomes. 

Transfer of Leucine-C™ from Labeled pH 65 Enzyme Fraction to Micro- 
somal Protein—We have reported (7) that the leucine-C"-labeled enzyme 
fraction at pH 5, freed from ATP and leucine-C™ by reprecipitation at 
pH 5.1 from dilute solution, will transfer the RNA-bound leucine-C" to 
microsomal protein upon subsequent incubation with microsomes, a nucleo- 
side triphosphate-generating system, and GTP (Table Il). The other 
nucleoside triphosphates, including ATP, would not replace GTP in this 
reaction; ATP also failed to stimulate the transfer in the presence of GTP. 
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Fia. 5. Time-curve of incorporation of L-leucine-C™ into the RNA and protein of 
the ribonucleoprotein particles and the soluble fraction in intact ascites cells. As- 
cites tumor cells (approximately 10 gm. of packed cells) were incubated at 25° in 50 
ml. of their own ascitic fluid fortified with glucose (0.04 mM), Tris buffer, pH 7.6 (0.02 
u), and containing 3 umoles of L-leucine (3.5 X 10° ¢.p.m. per umole). Aliquots were 
taken at the time points shown; NaCl-insoluble and -soluble fractions were prepared 
from the 15,000 * g supernatant fraction. The specific activities of the RNA and 
protein of these fractions are shown. 


Taste Il 
Transfer of Leucine- c ‘from Labeled pH 6 Enzyme Fraction to Microsome Protein 


Total c.p.m. in 

RNA Protein 
Before incubation: complete system 478 22 
and minus GTP..... 29 23 
“but with 5 X GTP. 176 91 
( omplete system CTP replacing GTP. th 98 79 


The results shown are averaged values fr rom two experiments. In each experi- 
ment 0.6 ml. of a microsome suspension containing about 15 mg. of protein and 0.4 
ml. of a pH 5 enzyme fraction prelabeled with leucine-C™, containing about 5 
mg. of protein, were incubated for 15 minutes at 37° with the nucleoside triphos- 
phates (0.0005 m), PEP (0.01 m), and pyruvate kinase (0.04 mg.) as indicated, in a 
final volume of 2.0 ml. 
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Fic. 6. Time-curve of transfer of leucine-C' from prelabeled pH 5 enzyme 
fraction to microsome protein. 4.0 ml. of a leucine-C'-labeled pH 5 enzyme prepa- 
ration (containing 2.6 mg. of RNA), and 6.0 ml. of microsomes (21 mg. of RNA) were 
incubated at 37° with 20 umoles of GTP, 200 umoles of PEP, and 0.8 mg. of pyruvate 
kinase in a volume of 20.0 ml. 2.5 ml. aliquots were taken at the time points shown. 
These were chilled, diluted to 12.5 ml., and centrifuged at 105,000 « g for 60 minutes 
in the cold. The RNA and protein of the supernatant fluid and of the microsomes 
were separated. The total counts per minute in the pH 5 RNA (O) and in the micro- 
somal protein (@) is plotted. Since there is about 50 per cent enzymatic loss of 
leucine-C'* from pH 5 RNA during the hour's centrifugation (determined directly 
by centrifuging an aliquot of labeled enzyme, pH 5, of known specific activity under 
the same conditions), a correction for this loss was applied to the specific activity 
of RNA to give the final figures used. 

Fic. 7. A comparison of the rates of the over-all incorporation reaction and the 
incorporation when starting with labeled pH 5 enzyme fraction. 40 ml. of an en- 
zyme preparation at pH 5 were incubated for 10 minutes at 37° with 100 wmoles of 
ATP and 2 wmoles of leucine-C'* (3.6 X 10° ¢.p.m.) in a volume of 10 ml. An equal 
aliquot of the same enzyme was incubated identically with ATP and leucine-C”. 
Both enzymes were then precipitated twice at pH 5.1 from dilute solution. An ali- 
quot of the labeled enzyme was taken for determination of RNA content and another 
for determination of specific activity of RNA-leucine-C™. 1.8 ml. of leucine-labeled 
enzyme, dissolved in buffered medium and containing 1540 ¢.p.m. of bound leucine-C™, 
were then incubated with 1.8 ml. of microsomes, 3 wmoles of GTP, 60 umoles of PEP, 
and 0.24 mg. of pyruvate kinase in a volume of 6.0ml. The same volume and amount 
of unlabeled enzyme were incubated with the same quantity of microsomes, GTP, 
PEP, and pyruvate kinase, plus 3 wymoles of ATP and 0.6 wmole of leucine-C"™ con- 
taining 1.1 X 10% ¢.p.m. The incubation mixtures were equilibrated at 30° for 1 
minute before addition of microsomes and incubation was carried out at 30°. 1.0 
ml. aliquots of each incubation were taken, each containing approximately 9 mg. of 
protein, at the times indicated and the protein of the samples was precipitated, 
washed, plated, and counted. Curve A, reaction with prelabeled pH 5 enzyme; 
Curve B, over-all reaction. 
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In the absence of GTP there was an equally rapid microsome-dependent 
loss of leucine-C from the intermediate, without concomitant appearance 
of amino acid in protein. (Rat liver microsomes contain considerable 
“ATPase” activity. Whether the loss of label is due to destruction of 
ATP still present in the system, thus permitting reversal of the reaction, 
or a manifestation of an uncoupling of the basic mechanism for trans- 
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Fic. 8. Transfer of leucine-C™ from isolated pH 5 RN A-leucine-C™ to microsomal 
protein. O40 mg. of RNA, prepared by the phenol method, containing 600 c.p.m. 
of bound leucine-C™, was incubated at 37° for 15 minutes in buffered medium (0.5 
ml.) with the amount of microsomes indicated with added PEP (0.01 m), pyruvate 
kinase (0.04 mg.) in a volume of 1.0 ml. 0.5 umole of ATP and GTP was added as 
indicated (0 = no addition of nucleotide). ATP alone gave the same activity as 
with no nucleotide additions. The microsomes used were sedimented from a 15,000 
Xx g supernatant fraction which was diluted 3.5-fold before centrifugation at 105,000 
xX 


ferring amino acid to microsomes is not known.) GTP had no effect on 
the considerably slower rate of loss of label from enzyme at pH 5 in the 
absence of microsomes. The addition of a relatively high concentration 
of leucine-C” did not appreciably dilute the radioactivity transferred to 
protein. Fig. 6 shows a time-curve for the transfer reaction and empha- 
sizes the high efficiency of the transfer as well as its relatively rapid rate. 
rig. 7 presents a comparison of the rates of the transfer of leucine-C™ to 
microsomal protein from free leucine-C™ and ATP (Curve B) and from the 
prelabeled intermediate in the absence of free leucine and ATP (Curve 
A). When starting with the labeled intermediate, the lag in the initial 
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rate of the over-all reaction was absent, the efficiency of transfer was 
much greater, and the reaction attained completion at an earlier time. 

Transfer of Leucine-C™ from Isolated Labeled pH 5 RNA to Microsomal 
Protein—pH 5 RNA-leucine-C", extracted from labeled enzyme at pH 5 
by the phenol method, precipitated twice from ethanol and dialyzed against 
water, will, upon incubation with microsomes, transfer leucine-C™ to 
microsomal protein. In seven experiments of this type, an average of 
20 per cent of the leucine was transferred to protein (25 per cent maxi- 
mum). In every case, pretreatment of the RNA-leucine-C™ with 0.01 
N KOH at room temperature for 10 to 20 minutes resulted in lack of trans- 
fer of the leucine. Again, leucine-C" did not inhibit the transfer. pH 
5 RNA-leucine-C™ extracted by the NaCl method was consistently found 
to be inactive. 

GTP was again found to be necessary for this transfer, and there was 
no transfer in the absence of a nucleoside triphosphate-generating system. 
Furthermore, a partial requirement for ATP became apparent with this 
simplified system as shown in Fig. 8. The failure to elicit an ATP re- 
quirement for the transfer of amino acid from labeled pH 5 enzyme frac- 
tion to microsomes (previous section) was apparently due to the presence 
of ATP not washed free from the enzyme when reprecipitated at pH 5. 

Microsomes alone appear not to react directly with pH 5 RNA-leucine 
but to require the mediation of enzymatic components of the pH 5 enzyme 
fraction. Microsomes prepared from dilute homogenates (to minimize 
contamination with pH 5 enzymes) were low in activity when incubated 
with pH 5 RNA-leucine-C", ATP, GTP, and the generating system but 
activity could be restored by addition of the pH 5 enzyme fraction. 


DISCUSSION 


The evidence presented supports the conclusion that there occur ATP- 
dependent enzymatic reactions between ribonucleic acid and amino acids. 
These reactions are catalyzed by an enzyme preparation which is known to 
activate the carboxyl groups of amino acids in the presence of ATP. The 
product formed, an RNA or ribonucleoprotein to which amino acids are 
apparently covalently linked, is capable of interacting with enzymatic 
components of the activating enzyme preparation and with microsomes to 
effect the transfer of the amino acid to peptide linkage in protein. It is 
therefore suggested that this particular RNA fraction functions as an 
intermediate carrier of amino acids in protein synthesis. A growing body 
of evidence from other laboratories also suggests the presence of an inter- 
mediate similar to the one herein described (14, 15, 11, 16). 

Since the amino acid activation reaction is insensitive to ribonuclease and 
since an activating enzyme has been isolated relatively free from RNA (17), 
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it is still necessary to invoke an initial enzymatic activation reaction as 
originally postulated (4), followed by a transfer of amino acid to linkage on 
RNA. Because of the impurity of the enzyme system at pH 5, it cannot 
be stated that pH 5 RNA is naturally linked to amino acid-activating 
enzymes or that other enzymatic steps intervene between activation and 
linkage to RNA. The relative specificity of the reaction of the pH 5 
enzyme fraction with pH 5 RNA shown in Fig. 4, does, however, empha- 
size the uniqueness of this particular RNA fraction in regard to ATP- 
dependent amino acid binding. 

The present data suggest that the pH 5 RNA molecules, when associated 
with protein in the natural state, are considerably lower in average sedi- 
mentation coefficient than are the ribonucleoprotein particles of the micro- 
somes. The latter are probably of the order of 80S (18), while the former 
appear to be much lower. Furthermore, the results of other experiments 
from this laboratory, in which pH 5 RNA is enzymatically terminally 
labeled with the nucleoside monophosphate moieties of nucleoside tri- 
phosphates (19), suggest that the average molecular weight of the RNA is 
not likely to exceed 20,000 (based on maximal labeling, and assuming no 
branching). The sedimentation constant of 1.85 would be consistent with 
a molecular weight considerably lower than this. 

Thus far we cannot assign a specific structure to the amino acid-RNA 
linkage. An attractive possibility is an acyl anhydride involving inter- 
nucleotide phosphate groups or a terminal nucleotide residue. The acid 
stability and alkali lability of the linkage, qualitatively similar to the 
behavior of the synthetic amino acyl adenylates (20, 21), the formation of 
a hydroxamic acid, and the relative high energy of the linkage suggested by 
the possible reversibility of the reaction would support this type of anhy- 
dride linkage. The linkage would appear, however, to be more stable 
than a phosphate diester anhydride might be expected to be. We have 
also given thought to the possibility that internucleotide P—O bonds may 
be opened by reaction with an amino acyl adenylate, with resulting at- 
tachment of the amino acyl group to one of the opened ends of the nucleo- 
tide chain and adenylate to the other. Other possible linkages to be 
considered are carboxyl bonding to 2’-OH on ribose and bonding involving 
groups on the nucleotide bases themselves. It is, nevertheless, likely that, 
regardless of the type of bonding, amino acids are individually linked to 
pH 5 RNA and do not condense at this stage, for the amino acid may be 
recovered as the specific hydroxamic acid upon treatment with hydroxyl- 
amine. 

The high efficiency of the GTP-dependent transfer of amino acid from 
intermediate to microsome protein is striking. There is no evidence 
that GTP is concerned either in the activation step or in the transfer of 
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amino acid to pH 5 RNA. Its locus of action is thus narrowed down to 
the area of interaction between pH 5 RNA-amino acid and microsomes, 
The fact that enzymatic components of the pH 5 fraction are still re. 
quired for the transfer from pH 5 RNA-leucine to microsomes could mean 
either that a new transfer enzyme is required or that reassociation of 
intermediate with activating enzymes is necessary. If this latter is the 
case, the possibility that pH 5 RNA acts simply as a storage site for 
activated amino acids must be considered. 

Other studies in this laboratory to be reported have shown that the 
sume pH 5 enzyme fraction also catalyzes a rapid incorporation of the 
nucleotide monophosphate moieties of ATP, CTP, and UTP into pH 5 
RNA. The appearance of these reactions in the same fraction which 
catalyzes the amino acid binding to RNA is intriguing, but thus far it has 
not been possible to obtain evidence for any clear direct link between the 
two reactions. 

We have suggested elsewhere (22) a hypothetical reaction sequence 
for protein synthesis which accounts for the findings presented in this 
paper. Its central idea is that pH 5 RNA molecules, each charged with 
amino acids in characteristic sequence, polymerize in microsomes (in specific 
order determined by the complementary structure of microsomal RNA) 
to higher molecular weight units with resultant configurational changes 
which permit peptide condensation between contiguous amino acids. 
This working hypothesis will form the basis for further studies in these 
laboratories on the mechanism of protein synthesis. 


SUMMARY 


Evidence is presented that a soluble ribonucleic acid, residing in the 
same cellular fraction which activates amino acids, binds amino acids in 
the presence of adenosine triphosphate. Indirect evidence indicates that 
this reaction may be reversible. The amino acids so bound to ribonucleic 
acid are subsequently transferred to microsomal protein, and this transfer 
is dependent upon guanosine triphosphate. 


The authors wish to thank Dr. Robert B. Loftfield for the radioactive 
amino acids used as well as for helpful criticism. 
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THE BIOSYNTHESIS OF TREHALOSE PHOSPHATE* 


By E. CABIB anv LUIS F. LELOIR 


(From the Instituto de Investigaciones Bioquimicas, Fundacién Campomar, 
Obligado 2490, Buenos Aires, Argentina) 
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The participation of uridine diphosphate glucose in the biosynthesis of 
disaccharides was first demonstrated by the discovery of an enzyme in 
yeast (1) which catalyzes the formation of trehalose phosphate according 
to the reaction 


UDPG! + glucose 6-phosphate — UDP + trehalose phosphate 


The present paper reports a partial purification of the enzyme and a 
detailed study of the reaction. 


Materials 


UDPG was prepared as described by Pontis et al. (2). Part of this 
material was kindly furnished by Dr. H. G. Pontis. UDP was prepared by 
heating UDPG at 100° in 0.03 N sulfuric acid for 10 minutes, followed by 
neutralization with barium hydroxide and chromatography on Whatman 
No. 3 paper with ethanol-ammonium acetate at pH 3.8 as solvent (3). 
Another sample of UDP was obtained by ion exchange chromatography 
of an alcoholic yeast extract, followed by paper chromatography as above. 

Phosphopyruvate was a gift of Dr. A. Kornberg. A crystalline sample 
of barium trehalose phosphate was generously provided by Dr. W. T. J. 
Morgan and one of crystalline albumin by Dr. D. Nachmansohn. Crystal- 
line barium glucose 6-phosphate was obtained from the Sigma Chemical 
Company, St. Louis, and intestinal phosphatase from Armour and Com- 
pany, Chicago. The phosphatase was dialyzed overnight against cold 
distilled water before use. 

Glucose-6-phosphate dehydrogenase was purified according to Kornberg 
and Horecker (4). 

UDPG dehydrogenase was obtained as described by Strominger et al. 
(5). The purification was carried on until the first ammonium sulfate 


* This investigation was supported in part by a research grant (No. G-3442) from 
the National Institutes of Health, United States Public Health Service, and from the 
Laboratorios de Investigacién of E. R. Squibb and Sons, Argentina. 

! The following abbreviations are used: UDP for uridine 5’-pyrophosphate, UDPG 
for uridine diphosphate glucose, UMP for uridine 5’-phosphate, EDTA for ethylene- 
diaminetetraacetic acid, and Tris for tris(hydroxymethyl)aminomethane. 
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precipitation step, followed by dialysis against 0.02 mM acetate buffer at pH 
5.9. 

Pyruvate kinase was prepared from rabbit muscle (80 gm.). The ex. 
traction and precipitation with acetone were carried out as described by 
Kubowitz and Ott (6). The precipitate was redissolved in 4 ml. of water 
plus 1 ml. of 0.5m phosphate buffer at pH 7.2. The pH was brought to 
4.6 with 1 M acetic acid, and 31 ml. of ammonium sulfate solution (satu- 
rated at 4°) were added. The suspension was centrifuged in the cold, and 
the precipitate was taken up with 4 ml. of water and 0.5 ml. of 0.5 m phos- 
phate buffer at pH 7.2. An insoluble portion was removed by centrifuga- 
tion in the cold. This preparation was very stable when stored at —15°. 


Methods 


General—Phosphate was determined by the Fiske and Subbarow method 
(7) and fructose according to Roe and Papadopoulos (8). Reducing sugar 
estimations were performed either as described by Somogyi (9) and Nelson 
(10) or by a modification of the Schales and Schales ferricyanide procedure 
(11). In the analysis of the enzymatically prepared trehalose phosphate 
both the phosphate and reducing sugar (ferricyanide) determinations were 
adapted for a total volume of 1 ml., and readings were taken in the Beck- 
man DU spectrophotometer at 660 and 420 mug, respectively, with micro- 
cells obtained from the Pyrocell Manufacturing Company, New York. 

The labile sugar of UDPG was determined as previously described for 
the mannose in guanosine diphosphate mannose (12). 

Trehalose phosphate was estimated with anthroneaccording to Trevelyan 
and Harrison (13). In balance experiments, in which both UDPG and 
glucose 6-phosphate were also present, the samples were first hydrolyzed 
in 0.1 N HCl for 10 minutes at 100°; then enough 1 N NaOH was added to 
make the solutions 0.1 N in alkali; the tubes were heated again at 100° for 
10 minutes, and aliquots were taken for the anthrone test. The acid hy- 
drolysis liberated the glucose moiety of UDPG, and the alkaline treatment 
destroyed both this glucose and glucose 6-phosphate, while trehalose phos- 
phate remained unaffected. Blanks and standards also contained UDPG 
and glucose 6-phosphate and were submitted to the same treatment as 
the unknowns. A similar method has been developed independently by 
Wyatt and Kalf (14). 

Paper chromatography of nucleotides and sugar esters was performed 
according to Paladini and Leloir (3). Sugars were chromatographed with 
a solvent composed of n-butanol, pyridine, and water (6:4:3 parts by 
volume) (15). Ionophoresis of esters and free sugars was carried out with 
the apparatus described by Markham and Smith (16), with Whatman No. 
1 paper soaked in 0.05 mM sodium borate. 
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Ultraviolet-absorbing substances were located on paper with a Miner- 
alight lamp and phosphate compounds by the method of Bandurski and 
Axelrod (17). Sugar spots were revealed according to Trevelyan et al. 
(18). The chromatograms were warmed over a boiling water bath in 
order to hasten the development of trehalose spots. Borate interferes 
with the revelation of trehalose. In order to overcome this difficulty, 
after ionophoresis the paper was passed twice through the silver nitrate 
reagent, and the alcoholic NaOH was made 1 N instead of 0.56N. Sugar 
solutions were deionized before chromatography or ionophoresis with 
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Fic. 1. Determination of UDP. For the experimental details see the text. 
Fic. 2. Time-course of the enzymatic reaction. The conditions are described 
under assay.’’ 


Amberlite MB-3 resin, prepared as suggested by White and Hess (19). 
Protein was determined according to Kunitz and McDonald (20). 

Enzyme Assay—After testing several possible alternatives, the most 
reliable method for enzyme assay was found to be the determination of 
the UDP formed in the reaction. This method is based on Kornberg’s 
observation (21) that the enzyme pyruvate kinase catalyzes the transfer 
of phosphate from phosphopyruvate to UDP. The pyruvate liberated 
can be estimated colorimetrically, after adding dinitrophenylhydrazine 
The presence of UMP does not interfere with the reaction. 

The standard procedure was as follows: The reaction mixture contained 
0.5 umole of UDPG, 1 umole of glucose 6-phosphate, 2.5 umoles of mag- 
nesium sulfate, 0.1 wmole of EDTA, and 0.04 ml. of enzyme in a total 
volume of 0.1 ml. All solutions were previously made neutral. EDTA 
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and magnesium sulfate were added together from a stock solution brought 
to pH 7. The blanks contained the same components, except that glucose 
6-phosphate was added at the end of the incubation. The tubes were 
incubated for 15 minutes at 37°, heated for 3 minutes at 100°, and cooled. 
After the addition of 0.5 umole of phosphopyruvate in 0.05 ml., and 0.05 
ml. of pyruvate kinase (diluted with water 1:20), the tubes were incubated 
again for 15 minutes at 37°. 1 ml. of cold 10 per cent trichloroacetic acid 
was added to each tube, and, after centrifuging, pyruvate was tested in 0.75 
ml. of the supernatant fluid according to Friedemann and Haugen (22), 
The optical density at 520 my showed a linear dependence from the amount 
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Fig. 3. Proportionality of UDP formation to the amount of enzyme. Incubation 
as outlined under ‘‘Enzyme assay.”’ 


of UDP, at least up to 0.2 umole, as can be seen in Fig. 1. Figs. 2 and 3 
show that plots of UDP formation versus time and versus enzyme concen- 
tration gave straight lines up to about 25 per cent of the substrate con- 
sumed. 


Results 


Enzyme Purificatton—Commercial brewers’ yeast was passed through a 
meat chopper without a cutter, and the “‘noodles” thus obtained were 
left to dry at room temperature. The outline of a typical preparation is 
given below and in Table I. All operations were performed at 0—2°, un- 
less otherwise stated. Standing for 30 minutes was allowed for ammonium 
sulfate precipitations. Centrifugations were carried out at approximately 
15,000 X g for 15 to 20 minutes at 0°, except for the acetone precipitate, 
which was spun at 2000 X g for 10 minutes at —5°. Dialyses were per- 
formed in a rocking dialyzer at 2°. 
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360 ml. of distilled water were added to 120 gm. of dried yeast. The 
suspension was kept for 1 hour at room temperature with frequent shaking 
and then left for 20 hours in the refrigerator with occasional mixing. After 
centrifugation, the enzyme was precipitated from the supernatant fluid 
(Fraction I, 214 ml.) by adding an equal volume of 50 per cent ammonium 
sulfate solution (50 gm. of solid salt per 100 ml. of solution, containing 
0.001 m EDTA and brought to pH 7.5 with ammonia). The precipitate 
was redissolved in 0.001 Mm EDTA (Fraction II). To this solution an equal 
volume of 50 per cent ammonium sulfate was added, and the precipitate 
was redissolved in 0.001mM EDTA. The turbid solution was again cen- 
trifuged. The supernatant liquid (Fraction II1) was dialyzed for 5.5 
hours against 0.001 m EDTA (three changes of 3 liters each). The di- 


TABLE I 
Purification of Enzyme 


Fraction Volume Units* Protein 
ml meg. unils per mg 
I. Crude extract.............. 214 25 ,700 29 , 100 0.88 100 
II. lst ammonium sulfate.....| 62 21 ,400 5,150 4.15 83 
III. 2nd ammonium sulfate....; 57 12,000 3,160 3.8 56 
69 9,770 2,660 3.7 38 
V. Heating at 36°............. 135 8,440 2,050 4.1 33 
VII. Alumina Cy.............. 18.3 4,460 247 18 17 


*1 unit is defined as the amount of enzyme which catalyzes the formation of 1 
umole of UDP per hour under the conditions described in the text. 


alysate (Fraction 1V, 69 ml.) was mixed with an equal volume of 0.04M 
magnesium sulfate. The solution was kept with constant stirring in a 
water bath at 37° until its temperature reached 36° (about 7 minutes), 
and then it was rapidly cooled to 2° and centrifuged. The supernatant 
liquid (Fraction V) was kept in a bath at —4° until its temperature was 
about 0°, and 0.35 volume of cold (—4°) acetone was added slowly with 
stirring over a period of about 20 minutes, while the temperature was 
allowed to fall to —3°. After centrifugation, the precipitate was redis- 
solved in approximately 15 ml. of 0.02 M potassium phosphate buffer of pH 
7, containing 0.001 m EDTA, and dialyzed for 3.5 hours against the same 
buffer (three changes of 3 liters each). To the dialysate (Fraction VI) 
0.2 volume of alumina Cy (31.5 mg. dry weight per ml.) was added, and, 
after standing for 15 minutes with occasional stirring, the suspension was 
centrifuged. The supernatant fluid (Fraction VII, 18.3 ml.) was a clear, 
slightly yellowish solution, and the total purification achieved ranged 
from 15- to 20-fold in different batches. 


t 
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Comments—The second ammonium sulfate precipitation usually gave a 
slight purification, but in the preparation described there was a small logs 
in purity. 

The optimal amount of alumina Cy was ascertained for every individual 
batch by small scale trials. 

Further attempts at purification by ammonium sulfate or acetone frae- 
tionation and by isoelectric precipitation met with failure. Although the 
enzyme could be adsorbed on calcium phosphate or alumina gel. efforts 
to elute it were unsuccessful. 


CONCENTRATION M 


Fic. 4. Effect of Mg*tt. The basic reaction mixture and procedure are as de- 
scribed in Table II. 


No activity of phosphoglucomutase or UDPG pyrophosphatase could 
be detected in the purified enzyme. It did contain some hexosephosphate 
isomerase and a specific phosphatase for trehalose phosphate, which will 
be dealt with in more detail below. 

Activators and Inhibitors—Magnesium ions at a concentration of 2.5 X 
10-* M increase the activity about 2-fold, while at higher concentration 
they become inhibitory, as shown in Fig. 4. 

EDTA in the presence of excess Mg** did not alter the activity, as illus- 
trated in Table II. In the absence of added Mg++, EDTA did not de- 
press further the activity, and therefore it appears that the enzyme has 
not an absolute requirement for magnesium ions. A similar behavior has 
been described for acetylcholinesterase (23). | 

Phosphate at 3.3 & 10-? M concentration caused a 50 per cent inhibition 
of the enzyme. 

There seems to be a general inhibitory effect by salts; the activity was 
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depressed 35 per cent with 0.2 Mm NaCl or with 0.1 mM Tris-maleate buffer 
(24) at pH 7. 


TaBLeE II 
Enzyme Activity in Presence of Mg** and EDTA 
The basic reaction mixture contained 0.5 umole of UDPG, 1 umole of glucose 
6-phosphate, and enzyme in a total volume of 0.1 ml. Incubation time, 15 minutes 
at 37°. Before adding phosphopyruvate and pyruvate kinase the system was com- 
pleted with magnesium sulfate when necessary. 


Additions UDP formed, wmoles < 10? 


oO 
on 


UDP FORMED“ moles 
W 


pH 
Fic. 5. pH optimum curve. System as described under assay” with 
Tris-maleate buffer (24) at 0.1 mM final concentration. After 15 minutes at 37°, the 
reaction was stopped by heating, and the pH was brought to 7.4 by adding 0.01 ml. 
of either NaOH or Tris-maleic acid solution at the appropriate concentration. Then 
phosphopyruvate and pyruvate kinase were added, and the determination was con- 
tinued as usual. 


pH Optimum—As shown in Fig. 5, the highest activity with Tris-maleate 
buffer was obtained at about pH 6.6. 

Specificity—No liberation of UDP could be detected when glucose 6- 
phosphate was substituted with either glucose or glucose 1-phosphate. 

Fructose 6-phosphate gave rise to the formation of one-third the amount 
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of UDP produced by glucose 6-phosphate in the standard assay. This 
result can be attributed to the formation of glucose 6-phosphate catalyzed 
by the hexosephosphate isomerase still present in the purified enzyme, 
Thus, an equilibrium mixture of the two hexose phosphates gave more 
activity than fructose 6-phosphate alone (see Table III). Also, the activy- 
ity was the same with equilibrium mixtures prepared from either glucose 
or fructose phosphate. This shows that the lower activity obtained with 
fructose 6-phosphate was not due to any inhibitor present in the sample 
used. 

Reaction Products—When an incubated reaction mixture was depro- 
teinized and the supernatant solution submitted to paper ionophoresis 
with borate buffer, in addition to the spots of nucleotides and glucose 


TaBLE III 
Incubation of Fructose 6-Phosphate with Enzyme 


All the tubes contained 0.5 wmole of UDPG, 3 umoles of magnesium sulfate, and 
0.33 unit of enzyme, plus 1.0 umole of the hexose phosphate indicated. In Tubes 3 
and 4 the corresponding ester was preincubated for 2 hours with 3.3 units of enzyme, 
containing enough isomerase to attain equilibrium, and, after inactivation by heat- 
ing, the other components were added, making a total volume of 0.1 ml. All the 
tubes were then submitted to the standard assay. 


Tube No. Substrate 
1 Glucose 6-phosphate 7.7 
2 Fructose 2.6 
3 Equilibrium mixture from glucose 6-phosphate 5.1 


6-phosphate a slow moving, phosphate-containing spot appeared (see 
Fig. 6) with the same mobility as that of authentic trehalose phosphate. 
In another experiment, a larger portion of the incubated mixture was run 
as a band, and the “‘trehalose phosphate”’ zone was eluted with water and 
treated with intestinal phosphatase. The product obtained moved on 
paper at the same rate as trehalose when submitted to chromatography 
or ionophoresis. The results are not given in detail, since they are similar 
to those described below for the isolated reaction product. One cannot 
distinguish clearly between UDPG and UDP by paper ionophoresis under 
the conditions used. Therefore, in a separate experiment, the reaction 
products were submitted to paper chromatography. A spot moving as 
UDP could be easily detected in the complete system as illustrated in Fig. 
7. The results in Table IV show that the disappearance of UDPG and 
glucose 6-phosphate as measured by labile sugar and reducing power, 
respectively, was equivalent to the amount of U JP and “‘trehalose’”’ formed. 
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Isolation of Enzymatic Disaccharide Phosphate—In order to obtain disac- 
charide phosphate from an incubated reaction mixture, the water-soluble, 


STANDARDS: e@e | 
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Fic. 6. Paper ionophoresis of the reaction products. The complete reaction 
mixture contained 6 umoles of UDPG, 6 wmoles of glucose 6-phosphate (G-6-P), 30 
umoles of MgSO,, 1.2 umoles of KDTA, and 12 units of enzyme in a total volume of 
1.2ml. After 90 minutes incubation at 37°, 5 volumes of ethanol were added, and 
the tubes were centrifuged. Aliquots of the supernatant liquid were evaporated to 
dryness, redissolved in water, and spotted on paper. lIonophoresis was carried out 
as described in the text for 2 hours at 600 volts. Ultraviolet-absorbing spots are 
hatched vertically and phosphate-containing spots horizontally; 7'P trehalose phos- 
phate, Pi inorganic phosphate, other abbreviations as in the text. UMP was present 
as impurity of UDPG. The origin of the small spot running as trehalose phosphate 
in the reaction mixture lacking glucose 6-phosphate remains unexplained. 
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Fic. 7. Paper chromatography of reaction products. The reaction mixture was 
similar to that described for Fig. 6. After incubation for 90 minutes at 37°, 1 volume 
of 10 per cent trichloroacetic acid was added, and the tubes were centrifuged. The 
trichloroacetic acid was extracted thrice with ether, and the aqueous layers were 
evaporated to dryness, redissolved in water, and spotted on paper. Chromatography 
was carried out with ethanol-ammonium acetate of pH 3.8 (3). The spots are hatched 
as in Fig. 6. 


ethanol-insoluble, barium salts were isolated and then submitted to anion 
exchange chromatography as described by Khym and Cohn (25). 
A reaction mixture was prepared, containing 140 umoles of glucose 
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6-phosphate, 70 wmoles of UDPG, 350 umoles of magnesium sulfate, 14 
umoles of EDTA, and 137 units of enzyme in a total volume of 14 ml. 
After 1 hour’s incubation at 37°, the mixture was heated for 2 minutes at 
100°, cooled, and centrifuged for 10 minutes at 15,000 & g. The super. 
natant fluid was evaporated to dryness at 35-40°, redissolved in about 
2 ml. of water, and neutralized with ammonia. A precipitate that ap. 
peared was centrifuged, washed with 0.5 ml. of water, and discarded. To 
the combined supernatant fluids, 0.9 ml. of 1 M barium acetate was added, 
and the abundant precipitate was centrifuged, washed five times with 


TaBLe IV 
Balance of Reaction 


The reaction mixture contained, per ml., 5 wmoles of UDPG, 5 umoles of glucose 
6-phosphate, 25 wmoles of magnesium sulfate, 1 umole of EDTA, and 6.7 units of 
enzyme. After incubation for 45 minutes at 37°, the missing component was added 
when necessary, and the tubes were heated for 3 minutes in boiling water. After 
centrifugation, aliquots of the supernatant fluids were analyzed for the different 
components as described under ‘‘Methods.’’ All the values were subtracted from 
those found for the tube where glucose 6-phosphate was omitted during incubation. 
The values refer to 1.0 ml. of reaction mixture. 


Experiment | Component omitted during incubation | reducing | 4 labile | aupp | 

pmole umole yamoles pmoles 

1 None —2.2 | +2.4 +2.5 
Glucose 6-phosphate 0 | 0 0 
UDPG +0.1 0 0 

2 None —2.6 —2.3 +2.1 +2.4 
Glucose 6-phosphate 0 0 0 0 
UDPG —0.4 —0.4 —0.1 0 


* Measured by the anthrone test with trehalose phosphate as the standard. 


0.5 ml. of water each time, and discarded. To the combined supernatant 
fluids, 25 ml. of 96 per cent ethanol were added, and the suspension was 
left overnight at —15°. After centrifugation, the precipitate was washed 
once with 96 per cent ethanol and once with ether and then dried in a 
desiccator. The solid was dissolved in 5 ml. of water, and the barium 
ions were precipitated with 1 M ammonium sulfate. The precipitate was 
washed four times with 5 ml. of water each by centrifugation. The com- 
bined supernatant liquids were brought to 30 ml., and the pH was adjusted 
to 8.2 with ammonia. 

This solution was fed into a Dowex 1 (Cl-) column 0.9 em. in diameter 
and 10.5 em. high. After washing the column with 75 ml. of 0.001 Mm 


ammonia, elution was started with a solution containing 0.01 M potassium 
tetraborate and 0.025 mM ammonium chloride at a rate of 1 ml. per minute. 
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Fractions of 14 ml. were collected and analyzed with the anthrone reagent. 
A peak (A) emerged between Fractions 35 and 55, total volume 283 mi. 
This solution was free from inorganic phosphate and contained 36 umoles 
of “organic phosphate.”” The elution was continued, and at Fraction 65 
the solvent was substituted by 0.001 M potassium tetraborate, containing 
0.025 M ammonium chloride and 0.0025 mM ammonia. After another 50 
fractions had emerged, a new peak (B) appeared, consisting of a reducing 
substance containing phosphate (49 umoles). 
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Fic. 8. Liberation of reducing power from enzymatic disaccharide phosphate and 
authentic trehalose phosphate in 1 N sulfuric acid at 100°. The technique was as 
described in Table V, except that 0.056 umole of the substance was used in each tube 
and the acid was neutralized before determining sugar with ferricyanide. The data 
are given as per cent of the theoretical for completely hydrolyzed trehalose phos- 
phate. @, enzymatic product; X, authentic trehalose phosphate. 


Authentic trehalose phosphate and glucose 6-phosphate, when sub- 
mitted to chromatography under the same conditions as described above, 
showed an identical behavior to the substances of Peaks A and B, respec- 
tively. The calcium salt of the disaccharide phosphate was isolated from 
Peak A by the same procedure used by Leloir and Cardini for sucrose 
phosphate (26). About 20 mg. of a white powder were obtained. 

Propertics of Disaccharide Phosphate—The product obtained did not 
reduce the alkaline copper reagent. The “organic phosphate” content 
of a sample dried over phosphorus pentoxide was 1.53 uwmoles per mg. 
(theoretical for anhydrous Ca salt of trehalose phosphate = 2.18), cor- 
responding to a purity of 70 per cent. The ratio “trehalose’’-organic 
phosphate was found to be 1.0:1.0, when “trehalose”? was determined with 
the anthrone reagent with crystalline trehalose phosphate as the standard. 
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The rates of liberation of reducing sugar and inorganic phosphate jp 
1 Nn acid were also similar to those of trehalose phosphate, as shown jp 
Fig. 8 and Table V. 

Ionophoresis of the intact substance gave a phosphate-containing spot 
with the same mobility as trehalose phosphate, while an acid hydrolysate 
showed a spot moving as glucose 6-phosphate (see Table VI). Inspection 
of Fig. 8 and Table V reveals that after hydrolysis for 8 hours in 1 N aeid 
at 100°, all the reducing power and only about 13 per cent of the phosphate 
are liberated. The rest of the phosphate must therefore still be bound 
to glucose. A determination of glucose 6-phosphate with glucose-6-phos- 
phate dehydrogenase in such a hydrolysate gave 98 per cent of the theo- 
retical amount with authentic trehalose phosphate and 93.5 per cent with 
the reaction product. 


TABLE V 
Acid Hydrolysis of Reaction Product 
The samples (0.21 umole) were heated at 100° in 1 N sulfuric acid in sealed tubes. 


Phosphate liberated 


Time of heating 
| Reaction product Authentic trehalose phosphate 
avs | percent per cent 
8 13.8 12.9 
16 25.7 23.8 
24 39.5 34.2 


In another experiment the disaccharide phosphate was incubated with 
intestinal phosphatase. The free sugar thus obtained, when run on paper, 
gave a trehalose spot, while, after acid hydrolysis, a glucose spot was ob- 
tained (see Table VI). The solvent used does not differentiate trehalose 
from either cellobiose or maltose, but the three sugars can be easily sep- 
arated by paper ionophoresis, as shown in Table VI. Furthermore, the 
sugar from the reaction product showed the same sluggishness in reacting 
with silver nitrate as authentic trehalose. 

The rotatory power was measured on 0.3 ml. of a 0.1 N HCl solution 
containing 13.2 uwmoles of the disaccharide phosphate, and the concentra- 
tion was checked by phosphate estimation; [a]p +185°, calculated for the 
free acid. A similar measurement on a sample of crystalline trehalose 
phosphate gave an identical value. 

Equilibrium of Reaction—-It can be seen in Table VII that the trans- 
formation of UDPG into UDP is practically complete at pH 6.1. It can 
also be observed that some inorganic phosphate is liberated by an enzyme 
to be discussed below. 
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No reaction in the reverse direction, that is, on starting with UDP and 
trehalose phosphate, could be detected, even when glucose-6-phosphate 
dehydrogenase and UDPG dehydrogenase were added separately or to- 


Tasie VI 
Paper Chromatography and Ionophoresis of Reaction Product 
The butanol-pyridine-water solvent was used for chromatography. lIonophoresis 
was carried out with Whatman No. | borate-buffered paper at 600 volts for 2 hours 
for esters and 6 hours for free sugars. The results are given in the form Ryawoaara = 
(distance traveled by unknown)/(distance traveled by the standard substance). 


Chromatography 
Relucose Rphosphate 
‘* after acid hydrolysis*........... 0.72 
Rmannose 
Reaction product after phosphatasef.............. 0.60 0.03 
. 60.61 (faint), 1.01 
1.12 


* Heated for 8 hours in 1 n HCl at 100°. 

t Incubated for 16 hours at 37° with intestinal phosphatase. After deprotein- 
izing with 5 per cent trichloroacetic acid and extracting the acid with ether, the 
solution was passed through Amberlite MB-3 resin. 

t The sugar obtained by phosphatase action was hydrolyzed for 6 hours in 1 N 
sulfuric acid at 100° and passed through Amberlite MB-3 resin. 


gether in an effort to remove the reaction products. Both crystalline and 
enzymatically prepared trehalose phosphate gave negative results. The 
experiments were rendered somewhat more difficult by the presence of 
slight amounts of interfering enzymes in the dehydrogenases: the glucose- 
§-phosphate dehydrogenase preparation slowly oxidized reduced triphos- 
phopyridine nucleotide, while the UDPG dehydrogenase contained a 
system that reduced diphosphopyridine nucleotide. 
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Trehalosephosphate Phosphatase—The results of Table VIL show that 
inorganic phosphate is liberated as the reaction proceeds. When UDPG, 


Taste VII 
Extent of Reaction 


The reaction mixtures contained per each 0.1 ml. the following: 0.444 umole of 
UDPG, 0.8 umole of glucose 6-phosphate, 2.5 wmoles of MgSO,, 0.1 umole of EDTA. 
and 1.0 unit of enzyme. After incubation at 37°, the tubes were heated for 3 min. 
utes at 100° and centrifuged. Analytical determinations were carried out on ali. 
quots of the supernatant fluids. The figures are in micromoles per each 0.1 ml. 

Incubation time 


— 


1 hr. 2 hrs. | 3 hrs. 
0.36 (80)* 0.42 (94) 0.435 (98) 
Inorganic phosphate. ......... 0.04 | 0.1 0.16 
Fructose 6-phosphate........... 0.049 0.064 0.069 
| 0.026 (5.9) 0.01 (2.2) 
| 6.3 6.1 6.1 


* The figures in parentheses refer to the per cent of UDPG added. 
t Measured with UDPG dehydrogenase (5). 
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Fic. 9. Activity of trehalosephosphate phosphatase. The reaction mixture con- 
tained 1 umole of trehalose phosphate, 2.5 umoles of MgSO,, and 54 y of enzyme pro- 
tein in a total volume of 0.1 ml. After incubation at 37°, the reaction was stopped 
by heating, and the tubes were centrifuged. Inorganic phosphate was determined on 
an aliquot of the supernatant fluid. 


glucose 6-phosphate, UDP, trehalose phosphate, or glucose 1-phosphate 
was individually tested with the purified enzyme, only trehalose phosphate 
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was found to be hydrolyzed (see Fig. 9). It seems, therefore, that yeast 
contains a specific phosphatase for trehalose phosphate. The phosphatase 
is activated by magnesium ions. 


DISCUSSION 


The saccharide derivative formed in the reaction and its dephospho- 
rylated product behave as trehalose phosphate and trehalose, respectively, 
when submitted to chromatography or ionophoresis. The rates of split- 
ting in acid of both the glycosidic linkage and the phosphate group of 
the reaction product are also the same as those of trehalose phosphate. 
Glucose 6-phosphate and glucose were found to be present in the hydrol- 
ysates. The rotatory power of the reaction product was the same as that 
of an authentic sample of a,a-trehalose phosphate (27). All this evidence, 
together with the lack of reducing power of the intact substance, supports 
the conclusion that the reaction product is a,a-trehalose phosphate. 

The equilibrium of the reaction is displaced far toward the synthesis of 
trehalose phosphate. If it is assumed in the experiment described in 
Table VIL that equilibrium was reached after 3 hours of incubation, the 
value Of Ktrehatose phosphate = [trehalose 
(i-phosphate}] would be 40. Since reversibility could not be demonstrated, 
this is probably a minimal value. It should be borne in mind, however, 
that the reversal experiments are not conclusive. Their failure may be 
partly due to the slowness of the reverse reaction or to certain experi- 
mental conditions, like the high pH (8.1), used to insure a good activity 
of the dehydrogenases added. 

These results invite some considerations about the free energy of hy- 
drolysis of the trehalose glycosidic bond as compared to that of sucrose. 
Data on the equilibrium of the analogous synthesis of sucrose phosphate 
are lacking, but those obtained for sucrose (28), corresponding to a 
AF scrone  — 1000 calories at 37°, can be used as an approximation. A 
correction must be made, since the sucrose equilibrium was determined at 
pH 7.4, while in the trehalose phosphate reaction the pH was 6.1. The 
ionization of the secondary phosphate of the UDP formed drives the re- 
action toward the synthesis of the disaccharide phosphate (29). The 
corrected value for K tenatose phosphate 2t PH 7.4, assuming a pK of 6.7 for 
the secondary phosphate of UDP, is 192, giving a minimal 


AF trehalose phosphate — 3200 calories 


The two AF values differ therefore by 2200 calories, and the same differ- 
ence will exist between the free energy of hydrolysis of the two sugars. 
By taking for the AF°® of hydrolysis of sucrose the value of —6600 calories 
(30), the maximal value for that of trehalose phosphate would be — 4400 
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calories. It may be mentioned that the AF® of hydrolysis of maltose has 
been calculated as about — 4000 calories (31). 

The value of the AF® of the hydrolysis of sucrose applies, however, to the 
sum of two reactions, namely, the splitting of the glycosidic bond and the 
partial transformation of the liberated fructofuranose into fructopyranose, 
If it is assumed that the pyranose to furanose ratio at equilibrium is about 
4:1 (32), then this would correspond to a AF® of —850 calories, to be sub- 
tracted from the value for the AF® of hydrolysis mentioned above. The 
AF® for the splitting of the glycosidic bond would thus be — 5750 calories, 
a value still substantially higher than that for trehalose phosphate. 

The position of privilege held by sucrose among the disaccharides from 
the standpoint of the free energy of hydrolysis is in harmony with its 
efficiency as a precursor of polysaccharides (33). 

The presence in the purified enzyme preparation of a specific phospha- 
tase for trehalose phosphate suggests the possibility that dephosphorylation 
is the next step in the ulterior metabolism of this substance. The hy- 
pothesis has been advanced (34) that trehalose could give rise to poly- 
saccharide material, for instance the glucan of the yeast cell wall. This 
seems an interesting field for further experimentation. 


SUMMARY 
An enzyme which catalyzes the reaction 
UDPG + glucose 6-phosphate — UDP + trehalose phosphate 


has been purified 15- to 20-fold from brewers’ yeast. The enzyme showed 
maximal activity at pH 6.6 in the presence of 2.5 K 10°? M magnesium 
ions. 

The disaccharide phosphate produced in the reaction was isolated and 
identified as trehalose phosphate by comparison of its properties with 
those of the authentic substance. 

The equilibrium of the reaction is displaced toward the synthesis of 
trehalose phosphate, and reversibility could not be demonstrated. An 
upper limit of 4400 calories for the AF® of hydrolysis of the trehalose gly- 
cosidic bond was calculated from the experimental data. 

The purified enzyme preparation contains a specific phosphatase for 
trehalose phosphate. 

A method for the estimation of UDP is presented. 
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COFACTORS AND RATES OF PHOTOSYNTHETIC 
PHOSPHORYLATION BY SPINACH 
CHLOROPLASTS* 


By ANDRE T. JAGENDORF ann MORDHAY AVRON 


(From the McCollum-Pratt Institute and the Biology Department, The Johns 
Hopkins University, Baltimore, Maryland) 


(Received for publication, August 30, 1957) 


Photosynthetic phosphorylation by chloroplasts was first described 
by Arnon and his collaborators (1). 1t was postulated to involve an initial 
light-dependent decomposition of water, followed by electron transport 
steps in which the reduced and oxidized fractions recombine to form water. 
During these steps, inorganic phosphate is esterified to form ATP." Since 
water molecules are decomposed and reconstituted, the only net change 
seen is the formation of ATP. 

In the original experiments (1), the rates of photosynthetic phosphoryl- 
ation were approximately such that 2 to 4 wmoles of phosphate were 
esterified per mg. of chlorophyll per hour. This rate was increased to 30 to 
40 by the addition of FMN, menadione, and ascorbate in the absence of air 
(2). Under improved reaction conditions and with the aid of an extractable 
factor, we were able to increase these rates to 200 (3). Arnon et al. (4) 
have observed rates of 400 in a system somewhat similar to our earlier 
ones (3) with use of ADP as the acceptor, pH of 8.3, and the addition of 
TPN plus an extracted protein. 

It was previously shown that FMN and menadione will replace each 
other as cofactors (5, 3). In photophosphorylation by Chromatium chro- 
matophores, phenazine methosulfate can replace ascorbate as cofactor 
(see (6)). This paper will demonstrate that phenazine methosulfate 
can replace entirely the cofactors FMN, menadione, and ascorbate 
for spinach chloroplast photosynthetic phosphorylation, and _ that 
with phenazine methosulfate the rate of phosphorylation is much higher 
than before. By the use of this substance with improved reaction condi- 
tions, it has become possible to measure the reaction over a much shorter 
period of time and with lower concentrations of chloroplasts. A sensitive 


* Contribution No. 212 from the MeCollum-Pratt Institute. Supported in part 
by grant No. RG-3923 from the National Institutes of Health, Division of Research 
Grants, United States Public Health Service. 

! Abbreviations to be used in this paper include the following: AMP, adenosine 
monophosphate; ADP, adenosine disphosphate; ATP, adenosine triphosphate; TPN, 
triphosphopyridine nucleotide; FMN, flavin mononucleotide; Tris, tris(hydroxy- 
methyl)aminomethane. 
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and rapid assay will be described with which a number of factors which 
affect the stability of chloroplasts and rates of phosphorylation have been 
examined. 


Materials and Methods 


In most of these experiments, chloroplasts were prepared from fresh 
spinach leaves as previously described (3) by grinding the leaves in 0.35 
M NaCl. In some of the experiments, the leaves were ground in a mixture 
of 0.40 m sucrose, 0.05 m Tris, pH 7.8, and 0.01 mM NaCl. Chloroplasts 
were centrifuged, suspended in fresh grinding medium, and used without 
washing. The chloroplast extract was prepared as described previously 
(7) and used either in the crude form or after purification with ammonium 
sulfate. The optimal amount to use was determined from a test assay of 
each new batch. 

The reaction mixture in standard use is described at the end of “Results.” 
Variations from this assay will be noted individually. The reaction was 
carried out at 15° under nitrogen for the length of time indicated. The 
light source consisted of a row of 200 watt tungsten bulbs, at a distance 
of approximately 4 cm. from the flasks. Phosphate and chlorophyll 
were measured as previously described (3). 

AMP, ADP, and ATP were purchased from the Pabst Laboratories, 
Indigo carmine was obtained from the Matheson Company, Inc., and 
methyl and benzyl viologens from The British Drug Houses, Ltd. The 
viologens were a gift from Dr. N. O. Kaplan. Phenazine methosulfate 
was synthesized by the method of Dickens and Melllwain (8) according 
to directions kindly supplied by Dr. T. P. Singer. 


Results 


Short Time, Low Phosphate System—With 5 wmoles of phosphate and 
8 umoles of ADP per flask, instead of 25 uwmoles of phosphate and 32 
umoles of ADP, phosphate uptake is linear with time until about 4 wmoles 
of phosphate have been esterified (Fig. 1). Since uptake of phosphate is 
almost complete in 6 minutes, it is feasible to measure phosphorylation 
over a very short period of time. 

In the original experiments on the time-course of the reaction, AMP 
was in use as the phosphate acceptor and a slowly increasing rate of phos- 
phate uptake was seen (lig. 1). The prior addition of ATP increased 
the initial rate, but only for a brief period of time. Since the rate with 
ADP is so much greater than the rate with either AMP or AMP plus ATP, 
the initial rapid reaction in the case of AMP plus ATP probably repre- 
sents the formation of ADP, before the light is turned on, under the in- 
fluence of endogenous adenylic kinase. These time-course curves provide 
further confirmation of the independent discoveries by Arnon et al. (4) 
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and by Krall and Purvis (9) that ADP rather than AMP is the primary 
phosphate acceptor in photosynthetic phosphorylation. 

Since the rate of uptake with ADP as the acceptor is greater than that 
with AMP, even if ATP is added previously, it is evident that the activity 
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Fic. 1. Time course of phosphate uptake; comparison of AMP and ADP as phos- 
phate acceptors. AMP 15 wymoles, ADP 24 umoles, ATP 3 wmoles, chlorophyll 0.285 
mg., total volume 9 ml. Nitrogen was flushed through the flasks continuously during 
the reaction. Aliquots of 0.5 ml. were removed with a syringe through the nitrogen 
outlet tube at the times indicated. Reactants other than those listed are as in the 
standard short assay, multiplied by 3 for the larger volume. 


of adenylic kinase present will limit the over-all reaction rate unless ADP 
is used as the acceptor. Table I provides evidence that adenylic kinase is 
one of the factors present in the chloroplast extract, since an excess of the 
extract enables AMP plus ATP to be as effective as ADP. However, 
adenylic kinase is not the only factor present, since uptake is approximately 
doubled by addition of the extract even when ADP is the acceptor. 

With the final system, phosphate uptake is proportional to the amount 
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of chloroplasts used up to about 0.075 mg. of chlorophyll per3 ml. of reaction 
mixture. Beyond this level, the increase in rate is not strictly proportional 
to increased amounts of chloroplasts added. 

It was found previously (3) that the rate of phosphorylation decreased 
with phosphate levels below 7 X 10-* M (20 uwmoles per 3 ml.) in the system 
with AMP as acceptor and FMN, meanadione, and ascorbate as cofactors, 
With ADP as the acceptor and phenazine methosulfate as the cofactor, 
the reaction rate is again influenced by the phosphate level (Fig. 2). The 
saturation level of phosphate appeared to vary somewhat in different 
experiments (Fig. 2). The rates of phosphorylation over a 5 to 10 minute 
period, with 0.01 m phosphate present initially, are the highest we have 


TaBLeE I 
Effect of Chloroplast Ertract with Different Phosphate Acceptors 


uwmoles P per hour per mg. chlorophyll 
Acceptor system 
Without extract With extract 
pmoles per flask 
20 + 1 34 200 


Chloroplasts were washed twice; 0.240 mg. of chlorophyll for flasks without ex- 
tract, 0.080 mg. of chlorophyll for those with extract. Cofactors, in wmoles: FMN 
0.1, menadione 0.1, ascorbic acid 10. Time of reaction, 40 minutes; phosphate, 20 


ever observed in the modified system (800 to 900 uwmoles of phosphate per 
mg. of chlorophyll per hour). 

The rates of phosphorylation in the modified system with 5 wmoles of 
phosphate per flask (1.75 & 107% M) are generally 500 to 600 umoles of 
phosphate taken up per mg. of chlorophyll per hour. Occasionally, during 
the summer of 1957, we have observed uptake rates of 700 umoles (Tig. 2 
and Table II). Increasing the phosphate level with both types of chloro- 
plasts led to the same maximal level, as can be seen in Fig. 2. 

Cofactors—The cofactors originally used in photosynthetic phosphoryla- 
tion by spinach chloroplasts were magnesium, FMN, menadione, and 
ascorbic acid. Previously, we have found that f MN and menadione could 
replace each other almost entirely (3). Ascorbate has had a variable effect 
in our experience. As seen in Table II, a number of other compounds will 
also replace FMN or menadione when supplied singly. The most effective 
of these is phenazine methosulfate, with indigo carmine the next, followed 
by menadione, FMN, and methyl and benzyl viologens. p-Phenylene- 
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diamine and ascorbic acid are slightly active. Inactive substances in this 
test system included TPN, ferricyanide, methylene blue, and trichloroindo- 
phenol dye. All compounds were tested over a range of concentrations, 
and the amount shown in Table II is either optimal or the highest used for 
the particular substance. A number of experiments with combined co- 
factors showed that none of the others improved the rates over that with 
phenazine methosulfate alone. There were variable degrees of additivity 
seen between ascorbate or p-phenylenediamine and either MN, mena- 
dione, or indigo carmine. 


900} 
800+ 
700} 
500+ 
400} 
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200F 


10 20 30 40 SO 
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Fic. 2. Effect of phosphate concentration on the rate of phosphorylation. Ex- 
periment A, 0.100 mg. of chlorophyll per flask, 16 umoles of ADP, phosphate as indi- 
cated in micromoles per 3 ml. Reaction time 10 minutes, except for the flasks with 
5 umoles of phosphate, which had 8 ymoles of ADP and a 5 minute reaction time. 
Experiment B, 8 uymoles of ADP and a 5 minute reaction time. 0.064 mg. of chloro- 
phvll per flask. 


The relationship of activity to phenazine methosulfate concentration is 
seen in Fig. 3. A perceptible amount of phosphorylation is permitted by 
3 X 10-7 m phenazine methosulfate, and the optimal effect occurs between 
1 X 10-° and 6 X 10-° M; larger amounts inhibit. 
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Actually, the optimal activity depends to a large extent on the ratio of 
phenazine methosulfate to chlorophyll; in Table III it can be seen that 
6.7 X 10-*° m phenazine methosulfate is inadequate for our usual amount 
of chloroplasts (22 XK 10-* m chlorophyll, or 0.060 mg. of chlorophyll per 
flask). However, this small amount of phenazine methosulfate is ade- 
quate to give the maximal rate with 5.5 & 10~§ m chlorophyll (0.015 mg. 
of chlorophyll per flask). With the highest amount of chloroplasts, 
additional phenazine methosulfate restores full activity. The require- 
ment appears to be for approximately 1 mole of phenazine methosulfate 
per mole of chlorophyll. 


TaBLeE II 
Compounds Effective As Cofactors for Photosynthetic Phosphorylation 


Activity, wmoles P per mg. chloro- 
phyll per hr. 
Compound 
Experiment 1 Experiment 2 
pmoles per 3 ml. 

Phenazine methosulfate............ 0.06 735 555 
LL 0.10 202 136 
p-Phenylenediamine................ | 0.20 15 31 
Indigo carmine..................... | 0.20 | 175 159 
Methyl viologen.................... | 0.10 | 156 110 
Benzyl 0.10 | 153 92 


Experiment 1, chloroplasts 0.047 mg. per flask; standard short assay conditions. 
Experiment 2, chlorophyll 0.070 mg. per flask; standard short assay conditions. 


In the new system with phenazine methosulfate and ADP, magnesium 
is still required for optimal activity. The saturating Mg level is still 
3 X 10-* m (about 8 to 10 wmoles per flask). 

Other Factors—In the original procedure of Arnon ef al. (2), the reaction 
mixture was made up to 3.0 ml. of final volume by adding 0.35 n NaCl to 
the other reagents. In our routine procedures, this led to the addition of 
considerable quantities (up to 2.5 ml. out of 3.0) of 0.35 m NaCl. Some 
variability in our results was traced to an inhibition by large amounts of 
sodium chloride; this is shown in Table IV. High levels of sucrose also 
inhibit (Table IV). 

Additional variability between flasks led to the discovery that the light 
intensity we had been using (approximately 1500 foot candles) was not 
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saturating for these more rapid rates of phosphorylation. A curve of the 
rate of phosphorylation versus light intensity is shown in Fig. 4, A. It 
appears that saturation is fully achieved with the equipment used only at 
4400 foot candles. By contrast, the reaction system with FMN as the 
cofactor is fully saturated at a light intensity of 1500 foot candles. 
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Fic. 3. Effect of phenazine methosulfate concentration on the rate of phosphoryla- 
tion. 0.065 mg. of chlorophyll per flask; standard short assay conditions. 


It seemed of interest to compare the light intensities needed to saturate 
phosphorylation with those required by the Hill reaction. In previous 
work we have usually measured photolysis by the rate of reduction of tri- 
chloroindophenol dye, in a mixture of dye, buffer, and chloroplasts. The 
lower curve of Fig. 4, B shows the rate of this reaction as a function of light 
intensity, measured at the same temperature and pH and with the same 
light equipment as that used for phosphorylation. It can be seen that 
additional light has no effect after about 2500 foot candles. However, it 
seemed advisable to make the comparison between phosphorylation and 
the Hill reaction as precise as possible by adding Mg, phosphate, and 
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phenazine methosulfate to the Hill reaction mixture. When this was done, 
a stimulation of dye reduction was observed. After subtracting a non- 
enzymatic photoreduction of dye catalyzed by phenazine methosulfate, 
an increase in true Hill reaction rate of about 50 per cent is still observed 


TABLE III 
Activity of Phenazine Methosulfate As Function of Concentration of Chloroplasts 
Ra f ph 
Chloroplasts Phenasine methonulfate to. P mg. 
m X 108 of chlorophyll mM 108 
5.5 6.7 1.2 467 
11.0 6.7 0.6 360 
16.5 §.7 0.4 352 
22.0 6.7 0.3 293 
27.5 33.3 | 1.2 469 


Standard short assay conditions. Concentrations in final reaction mixture are 
listed. 5.5 X 10°° m chlorophyll represents 0.015 mg. of chlorophyll per 3 ml. of 
reaction mixture. 


TaBLe IV 
Inhibition of Phosphorylation by NaCl and Sucrose 
Addition Final concentration wee mG. Per cent inhibition 
M 
NaCl 0 395 
0.02 392 1 
0.06 388 5 
0.12 357 11 
0.17 324 19 
0.24 282 29 
Sucrose 0.03 386 3 
0.17 343 14 
0.33 323 19 
0.66 245 39 


0.061 mg. of chlorophyll per 3 ml. of reaction mixture. 


at high light intensities (upper curve, Fig. 4, B). The stimulated rate of 
dye reduction now requires 4400 foot candles for complete light saturation. 

General considerations had suggested that 0.35 m NaCl might not be 
the ideal medium for preparing active chloroplasts. The use of a sucrose- 
Tris-NaCl medium for grinding and storage actually did not yield chloro- 
plasts that were any more active; however, they did prove to be more 
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stable. Table V shows that chloroplasts prepared and stored in the 
mixture of 0.40 m sucrose, 0.05 m Tris, pH 7.8, and 0.01 m NaCl main- 
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Fic. 4. Rates of phosphorylation and Hill reaction as a function of light intensity. 
A, phosphorylation: 0.072 mg. of chlorophyll per 3 ml., standard short assay condi- 
tions. The light intensity was varied by changing the voltage supplied to the in- 
candescent lamps. The light intensity at flask level was measured for each voltage, 
with a Weston light meter. Cofactors as indicated, either 0.05 wmole of phenazine 
methosulfate or 0.05 umole of FMN. Reaction times were varied from 5 to 30 min- 
utes in order to achieve reasonable phosphate uptake in each case. B, Hill reaction: 
0.021 mg. of chlorophyll per 3 ml., 40 uwmoles of Tris buffer, and 0.068 umole of tri- 
chloroindophenol dye (Eastman Kodak). In the experiments shown in the upper 
curve the flasks contained, in addition, 5 wmoles of phosphate, 0.03 umole of phena- 
zine methosulfate (PMS), and 10 wmoles of Mg. Reaction times varied from 10 to 
150 seconds, in order to achieve about the same dye reduction in all cases. Optical 
density at 625 mp» was determined before and after exposure to light. Temperature 
during reaction was 15°. 
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tained 84 per cent of their activity overnight at 0°, whereas the activity of 
chloroplasts in 0.35 mM NaCl dropped by 80 per cent. When chloroplasts in 
NaCl were frozen overnight they lost all activity, but chloroplasts frozen 
in the buffered sucrose solution lost only 25 per cent of their phosphoryla- 
tion rate. Unfortunately, even in the sucrose medium, frozen chloroplasts 
lost activity continuously at — 10°, and had lost 50 per cent of their original 
activity in 1 week. 

The original publication on photosynthetic phosphorylation (1) showed 
a severe inhibition in the absence of oxygen; subsequent papers reported 


TABLE V 
Stability of Chloroplasts in Sucrose Compared to Chloroplasts in NaCl 


Activity of chloroplasts in 


Time after grinding 


NaCl 0.35 m on M, 

hrs. pmoles P umoles P chlorophyll 
0.5 601 578 
3 445 486 
18 121 482 
18, frozen 21 435 


Leaves were ground and chloroplasts were stored in the same medium. Standard 
short assay conditions were used. The chloroplasts in NaCl contained 0.086 mg. 
of chlorophyll per flask, those in sucrose contained 0.075 mg. of chlorophyll per flask 
in the final reaction mixture. 


maximal rates anaerobically and an inhibition by oxygen. With the 
present revised system in which phenazine methosulfate is used as cofactor, 
the rates are often the same under nitrogen or in air. At most, a 20 per 
cent inhibition is occasionally produced by air. 

Standard Short Assay—With all of the above information available, it is 
possible to describe a revised procedure in which phosphorylation rates of 
500 to 600 umoles per mg. of chlorophyll per hour are obtained repeatedly. 
The procedure consists of the following: After removal of petioles, 15 gm. 
of fresh spinach leaves are ground with 25 ml. of a mixture containing 
0.40 m sucrose, 0.05 m Tris, pH 7.8, and 0.01 m NaCl in a mortar with the 
aid of sea sand. The suspension is strained through cheesecloth and 
centrifuged for 90 seconds at 200 X g to remove sand and cell debris. 
The supernatant fluid is centrifuged for 7 minutes at 1000 * g to sediment 
the chloroplasts. These are suspended in 10 ml. of the same medium as 
that used for grinding. The reaction mixture contains 0.1 ml. of these 
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suspended, unwashed chloroplasts (approximately 40 to 75 y of chloro- 
phyll per flask), 5 wmoles of phosphate at pH 7.8, 40 uwmoles of Tris 
buffer at pH 7.8, 8 umoles of ADP at pH 7.8, 88 umoles of NaCl, 10 umoles 
of MgCls, and 0.1 umole of phenazine methosulfate. Water is added to a 
final volume of 3.0 ml. The reaction vessel is placed in a water bath at 
15°, and then flushed with N» gas for 3 minutes (this last step is possibly 
dispensable). 4000 foot candles of light are supplied for 5 to 6 minutes 
and the reaction is stopped by turning off the light and adding 0.3 ml. of 
20 per cent trichloroacetic acid. 


DISCUSSION 


Much higher rates of photosynthetic phosphorylation are now possible 
by controlling a number of factors. The conditions required for the pres- 
ently maximal rates include optimal amounts of light, phosphate, ADP, 
Mg, the non-natural cofactor phenazine methosulfate, and a pH between 
7.8 and 8.2 (3, 4). In addition, the NaCl or sucrose concentrations must 
not be too high. With these optimal conditions, a 5 or 6 minute assay 
is entirely satisfactory, and a rate of phosphate uptake of 900 uwmoles per 
mg. of chlorophyll per hour can be secured. The arguments previously 
presented (3) that a rate of 200 umoles of phosphate per mg. of chlorophyll 
per hour may well be sufficient to supply the ATP needs for carbon dioxide 
fixation 7m vivo apply even more forcefully to a rate of 500 to 900 umoles of 
phosphate per mg. of chlorophyll per hour. 

It should be pointed out that the light intensities were varied by chang- 
ing the voltage supplied to incandescent lamps, which changes the quality 
of light as well as the intensity. However, the proportion of red light rises 
at the lower voltages, and red light was found to be as fully effective as blue 
for phosphorylation in action spectrum determinations made with the 
cooperation of Dr. S. B. Hendricks (15). 

The synthetic compound phenazine methosulfate is effective at a very 
low concentration in a molar ratio of about 1 to the chlorophyll present 
(Table II). Since the chlorophyll is localized in the chloroplasts rather 
than being free in the solution, and since phenazine methosulfate is pre- 
sumably not concentrated in the plastids, the true molar ratio is probably 
much less than 1. This suggests that the cofactor may combine stoi- 
chiometrically with active sites in the chloroplast. 

Among the active cofactors, phenazine methosulfate may be unique. 
No other cofactor or combination of cofactors would permit a rate of much 
more than 200 units under the same conditions whereby rates of 500 to 700 
were seen with phenazine methosulfate. 

The lack of specificity for the cofactor in this system is rather surprising. 
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Compounds as apparently unrelated as FMN, menadione, indigo carmine, 
methyl and benzyl viologens, and phenazine methosulfate appear to fulfil 
essentially the same function (Table 11). Because of this lack of speei- 
ficity, a question may be raised as to the significance of any particular co- 
factor for the reaction in vivo. It seems to us that the true cofactor in this 
system must be identified eventually as an internal component of chloro- 
plasts. 

Most of the compounds effective as cofactors have a potential between 
0 and —0.1 volt. The major exceptions are methyl and benzyl viologen, 
with potentials of —0.46 and —0.34 volt, respectively. Their activity 
with this system cannot be easily explained at the present time. In 
addition, not all oxidation-reduction compounds with the right potential 
will work; thus, methylene blue has a potential of 0.01 volt, and is quite 
ineffective. Although we did not find TPN to act as a cofactor under our 
conditions, Arnon et al. (4) reported that it acts as cofactor for phosphoryla- 
tion in a slightly different system, and Marre and Servettaz (10) report a 
TPN stimulation of phosphorylation in an unspecified system. 

Newton, Newton, and Kamen have advanced the concept that in their 
bacterial photophosphorylation system such cofactors are ‘“‘poising” the 
oxidation-reduction potential of the system (6). However, one of the 
major pieces of evidence supporting the “poising’”’ concept is the fact that 
in the bacterial system the effect of phenazine methosulfate can be com- 
pletely reversed by excessive amounts of ascorbic acid. We have never 
observed this phenomenon in the chloroplast system; addition of 10 umoles 
of ascorbate to 0.1 of phenazine methosulfate causes only a slight inhibition, 
if any. 

In addition, phenazine methosulfate stimulates the rate of reduction of 
indophenol dye in the Hill reaction of these same chloroplasts. This 
stimulation of dye reduction is much more easily envisaged as a function 
for phenazine methosulfate in electron transport at some specific point 
than as the action of an agent which stabilizes the potential of the entire 
system. We therefore favor the view that all of the compounds effective 
as cofactors in photosynthetic phosphorylation are acting as intermediate 
electron carriers across some gap in electron transport to be found in the 
chloroplasts as presently isolated. 

No Hill oxidant has ever given more rapid rates of photolysis than indo- 
phenol dye (11-13). The stimulation by phenazine methosulfate might 
therefore indicate an unusual efficiency in promoting electron transport to 
the dye. It seems likely that phenazine methosulfate performs a similar 
function in phosphorylation and in dye reduction; in both systems the 
unique effect is seen only at high light intensities (Fig. 4). It is therefore 
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possible that unusual efficiency in promoting electron transfer is the basis 
for the uniquely high phosphorylation rates seen with phenazine metho- 
sulfate. Finally it should be pointed out that phenazine methosulfate has 
a unique ability to function in electron transport in at least one other 
system, #.e. the soluble succinic dehydrogenase of Singer and Kearney (14). 


This work was performed with the very able technical assistance of 
Mrs. M. B. Evans. 


SUMMARY 


The compounds (flavin mononucleotide, menadione, and ascorbate) 
previously used as cofactors in photosynthetic phosphorylation by spinach 
chloroplasts can be replaced completely by various non-natural com- 
pounds. Of these, phenazine methosulfate is the most effective, leading 
to reaction rates at least three times greater than those found with any 
other cofactor. Effective phenazine methosulfate concentrations are 
approximately equimolar to the chlorophyll in the reaction mixture. 
Phenazine methosulfate is also found to stimulate the rate of dye reduction 
in photolysis (the Hill reaction). In both eases, the cofactor appears to 
work at the level of a dark reaction rather than in the initial light-depend- 
ent step. 

Other aspects of the reaction that were studied include adenosine di- 
phosphate as phosphate acceptor, Mg, phosphate, and NaCl concentra- 
tions. .A medium was found which can stabilize chloroplast preparations 
to a considerable extent. With the revised procedures for this reaction, 
rates are observed up to 900 wmoles of phosphate esterified per mg. of 
chlorophyll per hour. 

Addendum—At the present time, only negligible stimulation can be observed by 


adding chloroplast extract to the standard short assay reaction mixture as described 
above. The reasons for this discrepancy with our earlier observations (3, 7) are 


under investigation. 
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THE CHARACTERIZATION OF HYALURONIDASE ISOLATED 
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Bacterial hyaluronidases have been isolated from the streptococci, 
staphylococci, clostridia, and pneumococci. Bergamini has reported 
a wide distribution of bacteria which produce enzymes capable of lowering 
the viscosity of submandibular gland secretion with the liberation of 
N-acetylglucosamine (1). In her survey, however, Bergamini reports 
that the Escherichia coli strains investigated did not produce mucolytic 
enzymes capable of this action. In another study Robertson, Ropes, 
and Bauer note the absence of ‘‘mucinase” activity in &. coli (2). The 
present paper reports the isolation from Escherichia freundii (formerly L. 
coli freundii) of an adaptive, intracellular enzyme which depolymerizes 
hyaluronic acid. 

As a group the bacterial hyaluronidases can be differentiated from the 
testicular enzyme. Meyer and his coworkers have demonstrated that the 
rate of release and the final level of reducing sugar derived from hyaluronic 
acid by the action of testicular hyaluronidase differ markedly from the 
values obtained from pneumococcal, staphylococcal, streptococcal, and 
clostridial enzymes (3). These bacterial hyaluronidases reduce hyaluronic 
acid to the same disaccharide whereas a tetrasaccharide end product results 
from testicular activity (4). 

That the bacterial hyaluronidases cannot be regarded as a single entity 
is demonstrated by the work of Rogers (5). He found the pH optima 
for these hyaluronidases, as measured by the viscosity reducing technique, 
to range from 5.5 to 6.6. These data are obscured, however, by the fact 
that Rogers was not working with purified enzymes. 

Chemically, the enzymes appear to be similar. Hyaluronidases of 
high activity were obtained from testes and from Clostridium perfringens 
by application of an alcoholic fractionation procedure (6). Antibodies 
to testicular hyaluronidase precipitate both testicular and staphylococcal 
hyaluronidases (7). C. perfringens hyaluronidase is inactive in water, as 
is the testicular enzyme, and both are inhibited by high concentrations of 
sodium chloride (2, 8). On the other hand, Hogberg reports that the 
chromatographic procedure which he has developed for the purification 
of testicular hyaluronidase cannot be applied to bacterial samples (9). 
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In view of these findings, the enzymatic characteristics of FE. freundij 
enzyme were studied and compared with the testicular hyaluronidase. The 
possibility of purifying this enzyme, by using chromatographic procedures, 
was studied. The results are presented herein. 


EXPERIMENTAL 


The EF. freundii employed was isolated from soil and adapted to a 
medium containing the sodium salt of hyaluronic acid (HA) as its sole 
source of carbon and nitrogen (10). The organism was then grown on 
Difco brain heart infusion (BHI) supplemented with 0.5 gm. per liter of 
HA. BHI medium was used without added HA to demonstrate the adap- 
tive nature of the enzyme. The bacteria were grown at 37° and the cells 
were harvested 16 hours after inoculation. At this time interval the maxi- 
mal yield of enzyme was obtained. For large scale preparation of enzyme, 
incubates were added on successive days to 9 times their volume of fresh 
media. On the third and last transfer, to 20 to 30 liters, the fresh medium 
was prepared without HA since loss of adaptation was not measurable in 
one transfer. 

An index of bacterial growth was obtained from the optical density of 
the cultures, by employing the Coleman junior spectrophotometer at 
6100 A. 

Since it was found that the hyaluronidase was retained almost completely 
in the cells of 16 hour cultures, the enzyme was concentrated by centrif- 
ugation. When large volumes were involved, a Sharples centrifuge could 
be used without causing demonstrable rupture of cells. A stable form of 
the enzyme was obtained by preparing an acetone powder of the cells 
thus collected. Partial release of the hyaluronidase from either fresh or 
acetone-dried cells was accomplished by grinding the cells with levigated 
alumina or, preferably, by sonic treatment with a 9 ke. Raytheon sonic 
vibrator for 5 minutes. At this time most of the cells were broken and 
sonic inactivation of this enzyme was negligible. Sonic release of the 
enzyme into the buffers required for subsequent assay, chromatography, 
or electrophoresis was approximately equally efficient. Repeated freezing 
and thawing of the cells were not effective in releasing the enzyme. 

Extracts obtained by oscillation or grinding were centrifuged at 0-2° in 
the Spinco model L ultracentrifuge, rotor No. 30, at 30,000 r.p.m. for 
1 hour. The yield of enzyme could be improved by repeated extraction 
of the precipitate, subsequent 5 minute oscillation periods being employed. 

Hyaluronidase activity was determined according to the standard 
turbidimetric technique of the Pharmacopoeia of the United States of 
America (11). Bovine testicular hyaluronidase of 1550 U.S. P. turbidity- 
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reducing units per mg.' was employed as a reference standard. For 
stability 0.25 mm Versenate was used in place of the hydrolyzed gelatin 
(12). Vitreous humor hyaluronic acid, previously characterized (13), 
was used as substrate. 

The standard buffers were modified to assay the bacterial hyaluroni- 
dase at pH 5.8, 0.15 m sodium chloride, 0.1 M acetate, in the presence of 
0.02 per cent Triton X-—100 (14), since these are the conditions of optimal 
activity. The testicular hyaluronidase used as reference was assayed 
in the phosphate buffer, pH 6.3 (11). 

It was found important to run a control with every unknown assayed. 
Various controls were used: prior heating of the enzyme sample at 100° 
for 10 minutes, the addition of the acid serum reagent before the addition 
of the substrate, or omission of the enzyme. 

The testicular and bacterial hyaluronidases were compared in a series 
of experiments in which the assay medium was modified. The Wyeth 
testicular hyaluronidase and unfractionated bacterial extracts were used. 
These bacterial extracts were stable at 37° for at least 4 hours, at room 
temperature for 24 hours, and at 0-2° for several weeks. This excludes 
the possibility of bacterial protease inactivation of the hyaluronidase. 
Also, whenever tested, the bacterial hyaluronidase purified by chromatog- 
raphy behaved as did the unpurified extract. In one series, metallic 
ions and other potential inhibitors were added in varying concentration 
to the assay medium. In a second series the effect of pH was investigated 
by employing acetate and phosphate buffers at 0.1 ionic strength over 
the range of pH 4.0 to 9.0. Finally, the influence of sodium chloride and 
of sodium citrate was studied at pH 5.8. 

Electrophoretic analyses of bacterial extracts were carried out in 0.1 
ionic strength sodium chloride-sodium barbital buffer, pH 8.6, in the 
Spinco model H electrophoresis apparatus. 

Bacterial extracts were chromatographed by the procedure of Ras- 
mussen developed for the purification of testicular hyaluronidase (15). The 
cation exchange resin, Amberlite IRC-50, was charged in the usual manner 
with sodium hydroxide and hydrochloric acid. After a final charge with 
sodium hydroxide it was washed thoroughly with water and dried with 
ethanol and ether. The dry resin, in the sodium form, was sieved through 
a 200 mesh screen. The particles passing the screen were suspended in 
water and converted to the hydrogen form with hydrochloric acid. Excess 
acid was removed by filtration and washing. The resin was resuspended 
in water and titrated to pH 5.9 with 10 m sodium hydroxide. After 


‘Obtained from the Wyeth Institute of Applied Biochemistry, Philadelphia, 
through the generosity of Dr. bk. H. Funk, Jr. 
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filtration and washing, it was suspended in 0.05 m sodium phosphate buffer, 
pH 5.95 + 0.05 (Buffer 1). This suspension was titrated back to the pH 
of the buffer. The resin was allowed to settle for 30 minutes; then the 
fine particles were discarded by decantation with the excess buffer. Fresh 
Buffer I was added, the pH adjusted, and the above process repeated until 
the addition of fresh Buffer I maintained the pH at 5.95 without adjust- 
ment. A column 0.9 by 25 cm. was prepared, and the enzyme solution, 
previously dialyzed against Buffer I, was added and washed into the resin. 
Elution was commenced immediately by passing 0.3 m sodium phosphate, 
pH 7.7 (Buffer 11), through the column. 

The eluted fractions were assayed for hyaluronidase activity and for 
protein content, the latter by the procedure of Lowry et al. (16), with 
crystalline bovine serum albumin? as a reference standard. 


Results 


lig. 1 shows the effect of hyaluronic acid concentration upon growth 
and hyaluronidase production. The inocula were made from a colony of 
EB. freundii which was growing on BHI medium containing HA. Serial 
transfer of the organism to BHI media without HA lowered the level 
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Fic. 1. Effect of hyaluronic acid concentration upon growth and hyaluronidase 
production. The values plotted are those for the first transfer to the medium indi- 
eated from a stock colony which had been maintained on BHI media containing 0.5 
mg. of HA per ml. 


2? Crystallized bovine plasma albumin, the Armour Laboratories, Chicago, Ili- 
nois. 
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pH 
Fic. 2. pH-dependence of enzymatic activity. Curve T represents bovine tes- 
ticular hyaluronidase, while Curve represents the freundii enzyme. Acetate 
and phosphate buffers were employed at 0.17 ionic strength. 


of enzyme production, gradually if the organism had been held on BHI 
plus HA for many transfers, more rapidly if the organism had been on 
HA media for only a few transfers. The growth rate of a thoroughly 
adapted colony, on the other hand, was only transiently affected by the 
withdrawal of HA, returning to normal within a few transfers. Transfer 
of E. freundit back to media containing HA resulted in renewed produe- 
tion of hyaluronidase at a rate somewhat faster than was seen during the 
original adaptation. 

The activity of the two hyaluronidases at various pH values is shown 
in Fig. 2. Maximal activity for the /. freundii was obtained at pH 5.8. 
The conditions for enzymatic activity were more stringent than were those 
for the testicular hyaluronidase. 

Fig. 3 shows the sensitivity of the enzymes to various metallic ions 
which were added to the incubation medium at pH 5.8. Calcium and 
magnesium over the range of 10-* to 10-7 m had little effect on the enzy- 
matic activity. Moderate inhibition was noted with nickel, zinc, cobalt, 
and manganese. Inhibition of a greater magnitude was obtained with 
copper, lead, and p-chloromercuribenzoate. A marked stimulation of 
the &. freundit enzyme was seen with mercuric ion at low concentrations, 
although it also was a potent inhibitor at 107? M. 
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The effect of citrate ion was studied at the constant ionic strength of 
0.20. This was accomplished by replacing sodium chloride and acetate 
with sodium citrate over the range of 0 to 33.7 mM sodium citrate (Fig. 
4). The observed activities appear to depend not only upon the concen- 
tration of citrate but also upon the concentrations of chloride and acetate, 
since comparable differences in enzymatic activity were obtained upon 
varying the concentration of acetate while the chloride and citrate were 


Co Clo Ni Clo 
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ACTIVITY (%) 


0 -6 -4 -2 O-@ -6 -4 - 
LOG (METAL) 
Fic. 3. Activation and inhibition of hyaluronidase. The effect of metals on 


enzymatic activity. The activity in the absence of all metals is taken as 100 per 
cent. The curves are labeled (T and Ek), as in Fig. 2. 


held at constant levels. In the absence of an inert buffer solution, it is 
impossible to draw final conclusions regarding the specific effect of any one 
ion, although this has been the practice in the past (8). 

Sodium chloride, added to the medium at constant pH of 5.8 and sodium 
acetate concentration 0.05 mM, showed optimal activation of the /&. freun- 
dit hyaluronidase at 0.3 mM. This value is considerably higher than that 
required by the testicular hyaluronidase. 

lig. 5 represents the electrophoretic pattern of a bacterial extract ob- 
tained by grinding 500 mg. of dried /. freundii with | gm. of levigated alu- 
mina in the presence of 15 ml. of 0.1 M barbital buffer, pH 8.6. The 
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yellowish extract so obtained was dialyzed and then introduced into the 
11 ml. Tiselius cell without previous fractionation. A sharp spike is seen 


805-68 134 202 270 337 mM.Citrote 
135 120 105 90 75 mM.NoCI 
48 39 29 O mM.NoOAc 


MEDIUM 
Fic. 4. Activation and inhibition of hyaluronidase. Citrate effect, at constant 
ionic strength 0.20, pH 5.8. Sodium chloride and acetate were replaced by sodium 
citrate over the range of 0 to 33.7 mM sodium citrate. The curves are labeled (T 
and EF), as in Fig. 2. 


Fic. 5. Electrophoresis of a bacterial extract obtained by grinding FE. freundii 
with levigated alumina. Sodium chloride-sodium barbital buffer, 0.1 M, pH 8.6. 
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which has a mobility greater than that of hyaluronic acid. This is followed 
by a series of components and a prominent initial boundary. After res. 
olution had proceeded to the point shown in Fig. 5, compensation was 
initiated in the reverse direction to hold the slowest component stationary, 
Electrophoresis was continued until this component was the only one 
visible in the descending limb. The middle section of the Tiselius cel] 
was moved, and the three fractions, descending, bottom, and ascending 
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Fic. 6. Amberlite IRC-50 chromatography of hyaluronidase from E. freun- 
dii. Bacterial extract is partially adsorbed on column at pH 6.0, 0.05 m phosphate 
buffer. The first peak represents material not adsorbed. The second peak, mate- 
rial eluted with 0.3 M phosphate buffer, pH 7.7; the heavy curve, protein concentra- 
tion (16); the light curve, the hyaluronidase activity. 


limbs, were recovered, assayed, and rerun in a 2 ml. cell. The enzymatic 


activity was found to be associated with the slowest moving component. 
The faster components, when added to the acid serum of the assay pro- 
cedure, gave rise to turbidity. This effect was inhibited only partially 
by previous incubation of this fraction with added hyaluronidase. It 
was impossible to subject the /. freundit hyaluronidase to filter paper elec- 
trophoresis. This enzyme becomes irreversibly adsorbed to paper at 
the point of application, and its biological activity is lost instantaneously 
in this reaction. Such treatment does not reduce the activity of the 
testicular enzyme, nor is the adsorption in this case irreversible. 
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The behavior of the bacterial enzyme during chromatography proved 
similar to that of testicular hyaluronidase (11). 2 gm. of dried . freundii 
cells were suspended in 30 ml. of phosphate buffer, pH 6.0, and subjected 
to sonic oscillation for 5 minutes. The residue obtained by centrifugation 
was resuspended and reextracted to assure maximal release of the enzyme. 
In this way enzyme which had already been released was not allowed to be 
oscillated more than 5 minutes. 165 mg. of protein in 50 ml. of 0.05 m 
phosphate buffer, pH 6.0, were applied to an Amberlite IRC-50 column. 
The specific activity of the starting material was 28 turbidity-reducing units 
(t.r.u.) per mg. of protein, based on the determination of Lowry et al. 55 
per cent of the protein and 6 per cent of the initial enzymatic activity 
emerged in the first peak (Fig. 6). The protein contained in the second 
peak was dialyzed against water. The precipitate which formed was re- 
moved by centrifugation, and the clarified supernatant solution was lyophi- 
lized. 45 per cent of the initial activity was recovered in this fraction. 
It had a specific activity of 135 t.r.u. per mg. of protein, again based upon 
the Lowry determination. 


DISCUSSION 


The most striking observation concerning these data is the fact that 
the bacterial enzyme is more sensitive to its environment than is the bovine 
testicular hyaluronidase. This is reflected in the narrower range of pH 
over which it is active, the greater activation of citrate or mercuric ion, 
and the stronger inhibition of the metallic poisons. The F. freundii hy- 
aluronidase is more sensitive to surface denaturation. This is shown 
by its complete loss of activity upon being placed on moist filter paper. 
Also, this enzyme loses activity upon being shaken with chloroform at 0—-2°, 
although the testicular material is stable under these conditions or even 
at room temperature. In another study it was shown that this enzyme 
was almost three times as sensitive as a commercially available testicular 
hyaluronidase to x-ray inactivation.* Sensitivity under these conditions 
is a function of molecular size (17), and the x-ray inactivation data lead 
to estimates of 7.1 X 10 and 2.2 X 105 for the molecular weights of the 
testicular and bacterial enzymes, respectively. The relative instability 
of the bacterial enzyme reflects the greater complexity of structure which 
would be associated with the higher molecular weight. 

In general, chromatography of proteins has been limited to proteins 
of low molecular weight. Hyaluronidase, however, displays an affinity 
for polyanionic compounds. The conditions for adsorption on Amberlite 
IRC-50 resin are 0.05 m phosphate, pH 6.0, and these are conditions under 
which the enzyme rapidly attacks hyaluronic acid. An increase in pH 
and ionic strength, both of which prevent enzymatic activity, removes 


? Brunish, R., and Norman, A., unpublished data. 
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the protein from the resin. It would appear logical, then, to consider 
the Amberlite IRC-50 resin as a potential competitive inhibitor. Also, 
were it not for the good chromatographic procedures of Rasmussen (15) 
and Hogberg (9), it would be tempting to propose the heroic experiment 
of using hyaluronic acid, rather than salt or pH changes, to release hyalu- 
ronidase from the resin. The specificity of such an eluting system is 
as intriguing as is the determination of its optimal conditions fraught 
with difficulty. 

Of the various metals tested for their effect on enzymatic activity, 
divalent mercury was unique in its stimulatory action on the bacterial 
extract. This could be explained as resulting from inhibition by mercury 
of an enzyme inhibitor present in the crude extract used. However, the 
lack of any stimulation by the monovalent mercurial p-chloromercuri- 
benzoate makes such an explanation unlikely. It seems that the action 
of mercury may be dependent upon its divalent character. This suggests 
the possibility of a complex of the enzyme with the substrate HA mediated 
by Hg**. The possibility of this type of metallic complex has been dis- 
cussed by Gurd and Wilcox (18). 


SUMMARY 


1. An adaptive intracellular hyaluronidase has been isolated from 
Escherichia freundit. 

2. The enzyme differs from bovine testicular hyaluronidase in sen- 
sitivity to pH, metallic inhibition, mercuric and citrate activation, and 
adsorption on filter paper. The enzymes, however, behave essentially the 
same when chromatographed on Amberlite IRC-50 cation exchange resin. 

3. A one-step procedure yields a preparation which has a specific activ- 
ity of 135 turbidity-reducing units per mg. 


This investigation was supported in part by the Estelle Doheny Eye 
Foundation and by a United States Public Health Service grant, No. 
B-844. The technical assistance of Miss Eve Weitzman and Miss Shirley 
Laughner is gratefully acknowledged. 
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THE PATHWAY OF HEXOSE SYNTHESIS FROM 
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Diseases, National Institutes of Health, United States Public Health 
Service, Bethesda, Maryland) 


(Received for publication, October 3, 1957) 


Although most of the reactions involved in the interconversion of glyco- 
gen and pyruvic acid are reversible, there is reason to believe that under 
physiological conditions the synthetic pathway may differ significantly 
from the degradative (1, 2). In particular, the reaction catalyzed by 
phosphoenolpyruvate kinase, although reversible (3), contributes little to 
glycogen synthesis from pyruvate in liver or liver slices. It has been 
estimated that at least 90 per cent of pyruvate and lactate enters the 
“dicarboxylic acid shuttle” before incorporation into liver glycogen (4-6). 
Such data are consistent with pyruvate conversion to phosphopyruvate, 
and ultimately to hexose in liver via the reactions described by Ochoa 
etal. (7) and by Utter and Kurahashi (8): 


(1) _ Pyruvate + CO, + TPNH — malate + TVN + H* 
(2) Malate .* fumarate 

(3) Malate + DPN + H* — oxalacetate + DPNH 

(4) Oxalacetate + ITP — phosphopyruvate + IDP + CO, 


In muscle, glycogen is converted to pyruvate rapidly, while muscle gly- 
cogen formed in vivo is derived largely from blood glucose and only to a 
limited extent from blood lactate and pyruvate (9). Thus, in muscle the 
Embden-Meyerhof pathway functions primarily for the breakdown of gly- 
cogen, but in liver it is utilized as well for the synthesis of glycogen from 
3-carbon precursors. It is of interest to relate these functional differences 
to enzymatic mechanisms. Although pyruvate incorporation into glyco- 
gen has been demonstrated in rat diaphragm in vitro (10), there is little 
information available concerning the pathway involved. The present 
studies confirm the observation that pyruvate carbon can be incorporated 
into muscle glycogen. However, the data are consistent with the incor- 


* This investigation has been aided by grants from the Jane Coffin Childs Memo- 
rial Fund for Medical Research and the National Cancer Institute (No. C-2673), 
National Institutes of Health, United States Public Health Service. 
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poration of pyruvate carbon by way of a reversal of the phosphopyruvate 
kinase reaction rather than via the less direct but energetically more favor- 
able (1) dicarboxylic acid pathway. 


Methods 


Male Wistar rats weighing approximately 200 gm. were killed by a blow 
on the head. For the studies on liver the animals were fasted for 48 hours 
before use, and for the diaphragm experiments the rats were permitted 
food ad libitum until the time of sacrifice. The tissues were excised im- 
mediately, plunged into ice-cold Krebs-Ringer bicarbonate solution (11), 
blotted, and weighed. Approximately 300 mg. of liver slices, prepared 
with the Stadie-Riggs microtome (12), or 250 mg. of diaphragm were incu- 
bated in the Warburg apparatus in 2 ml. of Krebs-Ringer bicarbonate 
medium at 37°, with a gas mixture of 95 per cent O2-5 per cent COs. The 
non-isotopic substrate was 0.022 mM lactate. In the first group of experi- 
ments each vessel contained 5 X 105 ¢.p.m. (1.6 uwmoles) of pyruvate-2-C™ 
(Nuclear Instrument and Chemical Corporation). In the second series 
of experiments, similar conditions were employed except that the radio- 
active pyruvate was replaced by C“O,. One of the two side arms of each 
Warburg vessel was fitted with a serum cap, through which was injected 
1 ml. containing NaHC"™O;, 4.5 & 107 ¢.p.m., after equilibration with the 
gas phase was complete. The NaHCO; was prepared by absorbing CO, 
liberated from BaC™O; in an excess of 1 N KOH. The radioactive solution 
was adjusted to the phenolphthalein end point with 0.5 N HCl. After 2 
hours of incubation, the tissue was transferred to 1 ml. of boiling 30 per 
cent KOH and the glycogen isolated (13). To facilitate glycogen puri- 
fication, approximately 10 mg. of non-isotopic glycogen were added as 
carrier in each experiment. Glycogen was hydrolyzed to glucose in 1 N 
H.SO, (4), and the glucose was degraded by fermentation with Leuconostoc 
mesenteroides (14). It was found that cells of this organism which were 
harvested during a period of vigorous CO2 production could be lyophilized 
and stored for at least 6 months, to be used as needed for the glucose deg- 
radations. The fermentation products were isolated (15) and subjected 
to methods which permit the separation of each carbon atom of the glucose 
molecule as BaCO;. Ethanol was oxidized to acetic acid by heating for 2 
hours at 90° with 0.5 gm. of potassium dichromate in 4 N HSQ,. Lactic 
acid was oxidized to COz and acetic acid by heating at 100° with chromium 
trioxide in 1 nN H»SO,. Acetic acid was degraded by the procedure of 
Phares (16). Glucose was analyzed by the Somogyi procedure (17). 

Radioactivity measurements were carried out with a “micromil” end 
window counter with a counting efficiency of approximately 13 per cent. 
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Results 


Only 0.6 per cent of pyruvate carbon was incorporated into liver glyco- 
gen, Whereas 3 to 6 per cent incorporation took place in the diaphragm 
experiments (Table I). Thus, almost eight times as much pyruvate car- 
bon was found in muscle glycogen as appeared in liver glycogen. On the 
other hand, very little bicarbonate carbon was incorporated into muscle 


TABLE I 


C™% Incorporation in Glycogen of Liver and Diaphragm Incubated 
with Pyruvate-2-C™ or NaHCO; 


C.p.m. fixed in glycogen 


substrate per gm. tissue _ 
| Liver Diaphragm 
Pyruvate, 5 x 10° e.p.m. | 2800 16, 800 
2600 29,000 0.12 
NaHCO, 4.5 10? e.p.m. 4100 61 | 
3000 70 
| 47 
TABLE II 


Isotope Distribution in Glycogen Glucose Isolated from Rat 
Tissues Incubated with Pyruvate-2-C™ 


Per cent radioactivity in glycogen glucose carbon atoms 


Tissue 
Carbon 1 | Carbon 2 Carbon 5 Casten 4 Carbon 5 | Carbon 6 
| 3 4 | 50 0 


—-- 


glycogen, compared with that in liver, in which incorporation was extensive 
(Table 1). In these experiments no attempt was made to determine 
whether net synthesis had occurred. 

The degradation data are shown in Table II. Marked isotope random- 
ization was observed in the glycogen glucose isolated from the liver slices 
incubated with pyruvate-2-C™’, The specific activity of carbon atoms | 
and 6 was approximately equal to that of carbon atoms 2 and 5, respec- 
tively. In muscle glycogen glucose, on the other hand, the isotope was 
predominantly in carbons 2 and 5, and no radioactivity was found in posi- 
tions 1 and 6. 
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DISCUSSION 


The very small quantity of pyruvate carbon incorporated into liver 
glycogen is probably attributable to the high Na medium used in these 
experiments. This has been shown to be much less satisfactory for glyco- 
gen synthesis in liver than a high K medium (18). The high Na medium 
was selected, however, to provide conditions similar to those employed for 
a previous study of muscle glycogen formation (10). 

The extensive isotope randomization in carbons 1, 2, 5, and 6 of liver 
glycogen glucose is similar to that observed by others who have used pyru- 
vate-2-C"™ as substrate (4, 6). The virtual equality of isotope concentra- 
tion in carbons 1 and 6 with that in carbons 2 and 5, respectively, is con- 
sistent with the estimate (4, 6) that at least 90 per cent of pyruvate is 
converted by liver to a symmetrical dicarboxylic acid before its entry into 
the glycolytic pathway. Krebs has pointed out that a consideration of 
the energy changes involved in phosphopyruvate formation from pyruvate 
leads to the conclusion that those reactions involving dicarboxylic acids as 
intermediates would be more likely to occur under physiological condi- 
tions (1). Hence, it is not surprising to find this pathway to be the major 
synthetic route in liver, the tissue mainly responsible for pyruvate con- 
version to glycogen in vivo. In muscle, on the other hand, the data sug- 
gest that none of the pyruvate is converted to a symmetrical dicarboxylic 
acid. Two alternative explanations are available to account for this result. 
Either the direct phosphorylation of pyruvate by a reversal of the phos- 
phopyruvate kinase reaction or the absence of equilibration of Cy acids by 
fumarase (Hquation 2) would result in pyruvate-2-C"™ incorporation with- 
out spread of isotope to positions 1 and 6 of hexose. Consistent with the 
first of these alternatives are the observations of Dickens and Glock (19), 
who found very low concentrations of glucose 6-phosphate and 6-phos- 
phogluconic dehydrogenases in muscle. Evidence is accumulating to sug- 
gest that these enzymes represent the major mechanism for the generation 
of reduced TPN in mammalian tissues (2). The conversion of pyruvate 
to malate requires TPNH (Equation 1), and the absence of the dicarbox- 
ylic acid shuttle in muscle may be related to the low activity of these 
TPNH-producing enzymes in this tissue. 

In view of these findings concerning the mechanism of muscle glycogen 
formation from pyruvate, the observation of Crane and Ball that CO, 
incorporation in pyruvate by rat diaphragm and liver occurs to an approx- 
imately equal extent (20) evokes additional questions. Carbon dioxide 
fixation is thought to involve the formation of the same symmetrical Cy 
intermediate which accounts for spread of isotope from pyruvate-2-C™ 
(Equations 1 to 4). Since in our studies with pyruvate no evidence of 
those reactions was found in muscle, the possibility must be considered 
that CQ, is fixed in muscle tissue by some other mechanism. One possi- 
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bility is an exchange of the pyruvate carboxyl group with CQ, in the 
pyruvate oxidation reaction. This exchange has been demonstrated with 
bacterial and mammalian enzyme systems (21, 22). 

The greater activity in carbon 5 than in carbon 2 of the hexose in the 
diaphragm experiment recalls a similar phenomenon in rat liver glyco- 
gen (6, 23), and is consistent with incomplete equilibration of the triose 
phosphates before their condensation to form hexose. 


SUMMARY 


Radioactive carbon was incorporated into the glycogen of rat diaphragm 
and of rat liver slices incubated with pyruvate-C™ or C“QO,. Isotope dis- 
tribution was determined in glycogen glucose isolated from liver and from 
diaphragm after incubation with pyruvate-2-C™. C' was extensively ran- 
domized throughout the liver hexose molecule, but glucose isolated from 
diaphragm was labeled almost solely in carbon atoms 2 and 5. The 
patterns of radioactivity suggest that in liver pyruvate enters the glycolytic 
pathway via the dicarboxylic acid shuttle, whereas in muscle entry is 
achieved by way of a reversal of the phosphopyruvate kinase reaction. 
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DIFFERENCES IN THE SUSCEPTIBILITY OF LYSOZYME AND 
a-LACTALBUMIN TO THE ACTION OF TYROSINASE* 
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Portland, Oregon) 


AND PHILIP E. WILCOX 
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Medical School, Seattle, Washington) 
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Previous studies (1, 2) have demonstrated that tyrosinase oxidizes the 
intact tyrosine residues of some proteins; for example, a-lactalbumin and 
ribonuclease. Other proteins, such as 8-lactoglobulin, are not substrates 
for tyrosinase. Lysozyme now has been found to be another protein which 
is not attacked by tyrosinase. 

a-Lactalbumin and lysozyme are two proteins which have several 
structural features in common. This paper reports attempts to find the 
cause for the difference in reactivity to tyrosinase. The effect of urea on 
the lysozyme-tyrosinase system has been investigated, and the N-terminal 
and C-terminal amino acid residues of a-lactalbumin have been deter- 
mined so that a comparison may be made with the known terminal residues 
of lysozyme. 

EXPERIMENTAL 
Materials 

a-Lactalbumin was prepared according to the method of Gordon and 
Semmett (3). The protein was homogeneous when tested electrophoreti- 
cally at pH 8.5 (0.02 m Veronal buffer) and pH 11.5 (0.02 m glycine buffer), 
and homogeneous when tested in the ultracentrifuge (0.02 m glycine buffer, 
pH 11.5). Before use, the protein was passed through a column of Dowex 
50 (acid form) to remove low molecular weight impurities, and the solution 
was lyophilized. 

Lysozyme was obtained from Armour and Company. No attempts were 
made to purify it further since it was not oxidized by tyrosinase. 

Tyrosinase from Reheis Corporation (Berkeley Heights, New Jersey) 
contained 1500 catecholase units per mg. and 27 p-cresolase units per mg. 
Reagent grade urea from Merck and Company, Inc., was recrystallized 


* This work was supported by grant No. AH-971, United States Public Health 
Service. 
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from alcohol and was dried in air. Dinitrofluorobenzene, hydrazine, and 
phenyl isothiocyanate were products from the Eastman Kodak Company, 
The hydrazine (greater than 95 per cent purity) was redistilled over CaO, 
Hemoglobin was prepared from human blood by Dr. D. R. Buhler of the 
University of Oregon Medical School, and was dialyzed against distilled 
water and lyophilized. DNP'-amino acids were prepared by Dr. Teh 
Lee of Yale University and were found to be chromatographically pure. 


Methods and Results 


Action of Tyrosinase on Lysozyme—Oxygen consumption was determined 
by conventional manometric techniques. 22 mg. of lysozyme were incu- 
bated at 37° with 1500 catecholase units of tyrosinase. The total volume 
was 3.0 ml., and the solution contained 100 umoles of potassium phosphate 
buffer, pH 7.4. No oxygen uptake was observed during a 4 hour period. 

Effect of Urea—It has been shown that the tyrosine residues of lysozyme 
become more reactive to iodine in the presence of high concentrations of 
urea (4). Therefore, the effect of urea on the lysozyme-tyrosinase system 
was tested. Lysozyme was allowed to stand in 7.0 mM urea solution for | 
week. Samples containing 15 mg. of protein were incubated with tyrosin- 
ase as described above. No oxygen consumption occurred, and there was 
no noticeable coloration. In these manometric experiments the final urea 
concentration was 3.56 M. Tyrosinase was found to be fully active toward 
catechol in 3.5 M urea. 

Attempts were made to test the action of tyrosinase on heat-denatured 
lysozyme. No oxygen uptake was observed, but the results are inconclu- 
sive because the denatured protein was insoluble in the test system. 

N-Terminal Amino Acid Analysis of a-Lactalbumin with DNF B—The 
dinitrophenyl derivative of a-lactalbumin was prepared by Sanger’s 
method (5). 100 mg. of protein were allowed to react with 0.5 gm. of 
DNFB in 55 per cent (v/v) ethanol containing 100 mg. of NaHCOs. 
The mixture was stirred vigorously for 2 hours at room temperature. The 
product was dialyzed exhaustively against distilled water, and the yellow 
protein solution was lyophilized. Portions of the DN P-a-lactalbumin were 
hydrolyzed with 5.7 n HCl at 100° for 8, 12, 16, and 24 hours. The only 
yellow amino acid derivatives detectable by chromatography were pure 
DNP-glutamic acid in the ether-soluble fraction and e~-DNP-lysine in the 
water-soluble fraction. Hydrolysis with 12 n HCl for 4 hours at 100° 
disclosed no new DNP-amino acid. The DNP-glutamic acid was identified 
by chromatography on paper by using the solvent system of Levy (6), 
which consists of toluene-pyridine-ammonium hydroxide (30:15:15:9) 


1 The following abbreviations are used: DNP, a dinitrophenyl group; DNFB, 
dinitrofluorobenzene; and PTH, phenylthiohydantoin. 
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in the first dimension and 2.0 m phosphate buffer, pH 6.0, in the second 
dimension. The DNP derivative obtained from a-lactalbumin migrated 
identically with authentic DNP-glutamie acid. The DNP-amino acid 
from the protein also had the same Ry as DNP-glutamic acid and DNP- 
threonine when chromatographed with n-butanol-acetic acid-water as 
solvent (4:1:5). 

The DNP-amino acid obtained from a-lactalbumin was eluted from a 
chromatogram and was hydrolyzed for 2 hours at 100° with concentrated 
ammonium hydroxide. The hydrolysate was taken to dryness, water was 
added, and the solution was again evaporated. The residue was taken up 
in water and was chromatographed in butanol-acetic acid-water. The 
unknown amino acid had the same R, as glutamic acid. 

The yield of DNP-glutamic acid from a-lactalbumin was determined by 
eluting the derivative from a chromatogram and measuring the optical 
density of the solution. In order to estimate the extent of destruction of 
DNP-glutamic acid during acid hydrolysis, an authentic sample of DNP- 
glutamic acid was hydrolyzed in the presence and in the absence of DNP- 
a-lactalbumin. When corrections for 40 per cent destruction and the differ- 
ence in the molecular weights of DNP-a-lactalbumin and a-lactalbumin 
were made, 0.91 residue of glutamic acid per molecule of a-lactalbumin 
was found. 

N-Terminal Amino Acid Analysis of a-Lactalbumin with Phenyl Isothio- 
cyanate-—The presence of N-terminal glutamic acid in a@-lactalbumin was 
confirmed by the formation and estimation of the PTH derivative by the 
paper strip method of Fraenkel-Conrat (7). Hemoglobin was also carried 
through this procedure since the number of N-terminal valine residues 
has been determined by other investigators (8). When the number of 
residues Was estimated by absorbance of the PTH derivative at 267 my, 
0.81 residue was found for each molecule of a-lactalbumin (molecular 
weight, 15,000), and 3.42 residues for hemoglobin (molecular weight, 
66,700). If the value of 3.6 is accepted for the number of N-terminal 
residues in hemoglobin (8) and if one assumes that the yields of PTH 
derivatives for the two proteins are the same, the corrected value for 
a-lactalbumin is 0.9 N-terminal residue of glutamic acid per molecule. 
Glutamie acid was identified by hydrolyzing the PTH derivative to the 
free amino acid and by identifying the amino acid by chromatography 
with n-butanol-acetic acid-water as the solvent system. 

C-Terminal Amino Acid Analysis of a-Lactalbumin by Hydrazinolysis— 
Davie (9) found that carboxypeptidase liberates leucine and only leucine 
from a-lactalbumin. Since carboxypeptidase does not attack certain 
C-terminal peptide bonds, the enzymatic results need to be checked by an 
independent chemical method. Therefore, the C-terminal residue has been 
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determined by hydrazinolysis according to the method of Niu and Fraenkel. 
Conrat (10). a@-Lactalbumin was allowed to react with anhydrous hydra- 
zine for 10 hours at 100°. The reaction product was treated with DNFB 
and was carried through the analytical procedure. Chromatograms of the 
DNP-amino acid, by using the solvent system of Levy, demonstrated 
only one major spot which corresponded to DNP-leucine. The DNP- 
amino acid was eluted and hydrolyzed to the free amino acid with concen- 
trated ammonium hydroxide. Chromatograms of the resulting hydroly- 
sate with use of the solvent system n-butanol-acetic acid-water showed that 
the unknown amino acid was leucine. The recovery of leucine from 
DNP-leucine in this procedure was found to be 46 per cent. When this 
correction for loss was applied, the amount of leucine obtained by hydraz- 
inolysis corresponded to 0.82 C-terminal residue per molecule of a-lactal- 
bumin. 


Taste I 


Protein Molecular | Tyrosine Cystine | N-Terminal C-Terminal 

ates weight | residues | resi amino acid amino acid 

| 14,900° | Lysinet Leucinet 


5§ Glutamic acid 
* Lewis et al. (11). 

t Thompson (12). 

t Gordon and Semmett (3). 
§ Gordon and Ziegler (13). 


DISCUSSION 


Similarities between lysozyme and a-lactalbumin are apparent in the 
characteristics listed in Table I. Each protein appears to consist of a single 
peptide chain of about 140 residues cross-linked with four or five disulfide 
bonds. 

In studies of lysozyme, Vraenkel-Conrat found that 8 mM urea caused 
tyrosine residues to be exposed to the action of iodine (4). It appears that 
urea breaks the secondary and tertiary bonds (14) which protect some of 
the tyrosine side chains. Tanford and Wagner (15) have interpreted titra- 
tion data for lysozyme to indicate that the tyrosine side chains in this 
protein are hydrogen-bonded. The fact that urea does not change the 
resistance of lysozyme to the action of tyrosinase suggests that the primary 
structure, that is the amino acid sequence, is a determining factor in the 
reactivity or unreactivity of a protein to enzymatic oxidation. The full 


sequence in lysozyme is under study by other investigators (16-18). 
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SUMMARY 


Two proteins of similar molecular weight, each consisting of a single 
peptide chain with disulfide cross-linkages and several internal tyrosine 
residues, have been compared as substrates for tyrosinase. a-Lactalbumin 
has been shown to be readily oxidized by tyrosinase. Lysozyme is not 
oxidized even after treatment with urea, and the cause of unreactivity ap- 
pears to reside in the primary structure rather than the secondary or ter- 
tiary structure. a-Lactalbumin has been found to contain 1 N-terminal 
glutamic acid residue and | C-terminal leucine residue. Therefore, the 
tyrosine residues are located internally within the single peptide chain but 
are, nonetheless, exposed to the action of tyrosinase. 
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A large number of enzyme-catalyzed reactions may be formally classified 
as “aldolases.”” In addition to the well known hexosephosphate aldolases, 
the newer enzymes citritase, “‘condensing enzyme,” thiolase, and threo- 
nine aldolase may be placed in such a class. These enzymes catalyze 
reactions which have in common the formation of a carbon to carbon 
bond by the addition of a carbon, a to a carbonyl, across a carbonyl 
group. Enzymes such as oxalacetate decarboxylase may likewise be 
viewed as catalysts for aldol cleavages. Beyond this broad similarity 
there is nothing that suggests a relationship among these catalysts or 
their mode of action. It is perhaps a reasonable expectation that a basis 
for such a relationship might be suggested by a consideration of the mech- 
anism of non-enzymic aldol reactions. The aldol condensation is catalyzed 
by a variety of agents, and detailed kinetic studies of some of these re- 
actions are available; perhaps the most complete studies are of the base- 
catalyzed reaction (1). This was taken as a first model in constructing a 
picture of the enzymic reaction. 

The base-catalyzed reaction is usually regarded as consisting of two con- 
secutive steps: first, withdrawal by base of a proton a to the carbonyl 
with the consequent production of a nucleophilic center at the a-carbon 
and, secondly, the condensation brought about by the attraction of the 
nucleophilic center to the (polarized) carbonyl of the 2nd molecule. By 
relating this mechanism to the aldolase reaction, one might expect the 
“activation” at the a-carbon to occur in the presence of enzyme and in 
the absence of carbonyl acceptor. This activation might be demonstrated 
by an exchange of a hydrogen atom on the a-carbon. 

The present work originated with these concepts as background. Re- 
sults with muscle aldolase have been published previously by this labora- 
tory and another (2). This paper represents a further kinetic study and 
an extension of this approach to the metal-requiring aldolase of yeast. 


* Supported by grants (Nos. A912 and A933) from the United States Public Health 
Service, National Institutes of Health. 
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EXPERIMENTAL 


Materials and Methods 


Crystalline rabbit muscle aldolase was prepared according to the method 
of Taylor, Green, and Cori (3) or was obtained as a suspension in ammo- 
nium sulfate from the Worthington Biochemical Corporation, Freehold, 
New Jersey. In either case the enzyme was crystallized at least six times 
in order to reduce the amount of contaminating triosephosphate isomerase 
and kept as a suspension in 52 per cent ammonium sulfate. Before use, 
aliquots of the suspension were dialyzed against 1 mu EDTA,!' pH 7.4, 
and stored at 3-5° after being adjusted to contain, per ml., 1 mg. of erys- 
talline BSA (Pentex, Inc.) and 0.1 ml. of stock solution A (0.1 ml. contained 
30 umoles of Na maleate, 1 wmole of EDTA, and 1 ymole of Na.HAs0, 
and, upon one to ten dilution, was pH 7.0). Stock solution A was used 
in all kinetic studies with muscle aldolase since it permitted the assay of 
aldolase with either TDH or a-glycerophosphate dehydrogenase without 
a change of incubation conditions. BSA was also usually present since 
it was found to stabilize aldolase at high dilutions. Under these standard 
conditions of incubation, the Michaelis constant of HDP was found to be 
about 0.03 mm. This value is in good agreement with that reported by 
Wolf and Leuthardt (4) under similar experimental conditions. Spectro- 
photometric assays for aldolase were therefore made with HDP at a con- 
centration of 1 mM, and sufficient diphosphopyridine nucleotide plus TDH 
(5) or reduced diphosphopyridine nucleotide plus a-glycerophosphate 
dehydrogenase (4, 6) free from triosephosphate isomerase so that aldolase 
was limiting. Both methods of assay gave the identical velocity which 
is presumed to be the maximal velocity of the dealdolization reaction 
(V™PP). The velocity of the reaction was 1800 moles per minute per mole 
of protein at 25° for the freshly dialyzed enzyme, and the enzyme was 
assayed each day of use. Under these conditions of storage, the dialyzed 
enzyme was stable for several weeks. A unit of activity will be defined 
here as the amount which corresponds to a V"?" = 1 ymole per minute 
under standard assay conditions. 

Yeast aldolase was purified from brewers’ yeast (Schwarz Laboratories, 
Inc.), following the method of Christian (7). The product obtained was 
further fractionated with ammonium sulfate in order to reduce the triose- 
phosphate isomerase activity of the preparation. The activity of the 
enzyme was determined according to Christian (7) by use of TDH, di- 


1 The following abbreviations are used: EDTA, ethylenediaminetetraacetic acid; 
BSA, bovine serum albumin; TDH, triosephosphate dehydrogenase; HDP, fructose 
1,6-diphosphate; DHAP, dihydroxyacetone phosphate; DTAP, monotritiated DHAP; 
G3P, p-glyceraldehyde-3-phosphate; TOH, tritiated water. 
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phosphopyridine nucleotide, and arsenate at pH 7.5. There was no change 
in the assay when measured at pH 7.0 by this method. The enzyme was 
stored in ammonium sulfate at 4° in the presence of 0.5 mm ZnSO,. 

a-Glycerophosphate dehydrogenase was prepared in crystalline form 
from rabbit muscle according to the procedure of Beisenherz (8), or was 
purchased from C. F. Boehringer and Soehne of Mannheim, Germany. 
TDH was prepared from rabbit muscle according to Cori, Slein, and Cori 
(9) or was a generous gift of Dr. M. Simpson of this Department. 

HDP was obtained as the barium salt from the Schwarz Laboratories, 
Inc., and was purified by ion exchange chromatography on Dowex 1, Cl- 
form. It was freed from chloride by barium-ethanol precipitation and 
freed from barium by passage through a bed of Dowex 50, H*+ form. The 
product, when assayed enzymatically, was within | per cent of the ex- 
pected value based on phosphate analysis. 

DHAP was prepared chemically according to the method of Kiessling 
(10). The yield and quality of the product were invariably poor in our 
hands, and the enzymic method of Meyerhof (11) as modified by Oesper 
and Meyerhof (12) was found to give, in good yield, a product of high 
purity after ion exchange chromatography. When it became available 
commercially, the dimethylketal-cyclohexylamine salt of DHAP was pur- 
chased from the California Foundation for Biochemical Research. This 
compound gave the expected amount of DHAP on a weight basis after 
passage through Dowex 50, H* form to remove the amine cation and storage 
at room temperature for 24 hours at the resulting acid pH. It was kept 
in the frozen state at pH 2 to 3. 

G3P was obtained as the dimethylacetal-cyclohexylamine salt through 
the generosity of Dr. 8. 8S. Cohen. The liberation of the free triose was 
as described for the DHAP ketal, except that incubation for a week at 
37° was necessary for quantitative conversion to the aldehyde. 

All counting was done by liquid scintillation counting by using instru- 
ments made by the Technical Measurements Corporation, New Haven, 
Connecticut. We would like to thank Dr. 8. Lipsky, Department of 
Medicine, and Dr. A. D. Welch, Department of Pharmacology, Yale 
University, for the use of their instruments. The counting mixtures used 
consisted of either H,O-toluene-ethanol (1:20:10) (13) or 1,2-dimeth- 
oxyethane-H .O-dioxane-anisole (1:2:6:1) (14). The latter was used when 
larger volumes of water were to be counted since it retained up to 20 per 
cent water without separation of phases and gave an acceptable counting 
efficiency of 5 per cent. The background count usually was 70 to 100 
¢.p.m. with these mixtures. The specific activity of all compounds except 
water is reported as counts per minute per umole. The specific activity of 
TOH is given as counts per minute per microatom of hydrogen. 
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The purification or isolation of DHAP was accomplished by ion exchange 
on Dowex 1, Cl- form. The solution was adjusted to pH 7 to 8 with dj. 
lute NaOH and diluted to about 0.01 M anion concentration before being 
placed on a small column of resin (2 X 1 em. for less than 10 wmoles). If 
TOH was present in the mixture, it was washed from the resin by means 
of 10 to 50 ml. of HO. DHAP was then removed in a 3 ml. band within 
the first 15 ml. of elution with 0.03 n HCl. HDP, if present, was eluted 
with 0.06 N HCl within 20 ml. Fractions were assayed enzymically with 
a-glycerophosphate dehydrogenase alone or together with aldolase. Sam.- 
ples were counted directly or lyophilized without neutralization if they 
were too dilute for direct counting. 


Results 


Muscle Aldolase—The first experiment was an attempt to determine 
the extent of tritiation of DHAP and HDP when both were present with 
aldolase in TOH. The amount of aldolase present was sufficient to turn 
over the HDP in 10 minutes, and samples were taken after 20 and 180 
minutes. As can be seen (Table 1), DHAP reached 97 per cent of equi- 
libration (for 1 tritium atom per molecule) in 20 minutes, whereas HDP 
achieved only 10 per cent equilibration in 3 hours, with only a slight addi- 
tional increase in the activity of DHAP. Several conclusions follow from 
these results if the assumption is made that isotope enrichment did not 
occur in this case. Since DHAP contains two pairs of geometrically equiv- 
alent hydrogen atoms, the rapid acquisition of only one stably bound 
tritium indicates that the labeling could not have been due to a non-en- 
zymic exchange (enolization) under the conditions of the incubation. This 
conclusion is supported by the finding that, when DHAP and G3P were 
incubated in TOH in the absence of enzyme under conditions similar to 
those stated in Table I, and were reisolated in the same manner, they 
failed to retain any isotope. Thus, a stereospecific enzymic reaction 
initially involving only one of the carbinol-carbon bound hydrogens of 
DHAP is indicated. If the hydrogen at carbon 3 of HDP had been easily 
exchangeable under the conditions of the incubation, the DHAP isolated 
should have contained 2 tritium atoms per mole as a consequence of the 
aldolase reaction. The finding of a small amount of radioactivity in HDP 
is ascribed to a very small contamination of the aldolase by triosephosphate 
isomerase. This latter enzyme would explain the acquisition of tritium 
in excess of 1 equivalent (15) by DHAP. 

Therefore, the finding that the C; hydrogen of HDP is not exchangeable 
leads to the conclusion that HDP is liberated from aldolase, not in the 
enol form but in the keto or hemiketal form of the molecule. Furthermore, 
DHAP cannot be eliminated from the enzyme as an enol, since a free enol 
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would be expected to ketonize randomly and thus result in rapid labeling 
of HDP. However, the possibility of an enol type transition state sta- 
bilized by the enzyme is not excluded and in fact may be considered reason- 
able from chemical considerations (Bloom and Topper (2)). 

The labeling of DHAP, as shown in Table I, is a necessary consequence 
of the fact that both HDP and DHAP were present in the incubation. 


Rates of Labeling of DHAP and HDP in TOH 


Time | Compound Specific activity | Specific activity/9000 
min. | ¢.p.m. per pmole 
20 | HDP 147 0.016 
DHAP 8770 0.97 
180 940 0.10 
| DHAP 9970 1.11 


The incubation contained in a volume of 0.5 ml., 3 wmoles of DHAP, 10 umoles of 
HDP, 15 umoles of maleic acid, 5 umoles of Na,HAsQ,, 0.5 umole of EDTA, | unit of 
aldolase, and 5 me. of TOH (9000 ¢.p.m. per microatom), pH 7.0. After 20 and 180 
minutes at 30°, 0.25 ml. of incubation mixture was added to 4.75 ml. of AgNOs (34 
mg. per liter), and the compounds were separated by ion exchange chromatography. 


Taste Il 
Rates of Labeling of DHAP in TOH 


Time - | DHAP counted Radioactivity above | Specific activity |Specific activity/9800 
2 0.46 520 1130 0.115 
4 0.367 943 2570 0.26 
20 0.287 2683 9500 0.97 


The mixture in 2 ml. of volume, adjusted to pH 7.0, contained 4 wmoles of DHAP, 
20 me. of TOH, and 0.18 unit of aldolase. (Specific activity of TOH = 9800 ¢.p.m. 
per microatom.) Sample 0.5 ml. into 0.5 ml. of 0.02 m copper acetate at 2 minutes 
and 4 minutes. At 10 minutes add 0.01 ml. of aldolase containing 0.35 unit and 
sample again at 20 minutes. 


It was of interest to determine whether the labeling of DHAP is dependent 
upon the presence of a second substrate. In the experiment reported in 
Table II, well dialyzed aldolase (0.09 unit per ml.) was incubated with 
DHAP (2 mm) at pH 7 in TOH. Samples were taken at 2 and 4 minutes 
after the addition of the TOH. After 10 minutes the aldolase concentra- 
tion was increased 5-fold and a final sample taken at 20 minutes. The 
rate of tritiation (about 0.12 ymole per minute) was slightly greater than 
the maximal velocity of the dealdolization reaction (V"?" = 0.09 umole 
per minute). The DHAP again approached an activity of 1 tritium atom 
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per molecule. Because of the absence of an added aldehyde acceptor, 
this exchange reaction is considered to indicate a labeling process distinct 
from the condensation reaction. Most simply interpreted, the result dem- 
onstrates an interaction between DHAP and aldolase which results in the 
labilization for exchange of a specific hydrogen of the enzyme-substrate 
complex. This is exemplified in the following scheme: 

ky TOH ki 


E-DHAP > E-DTAP 
exchange 


E + DHAP E+ DTAP () 


af 


The above statement rests upon the assumption that the incubation 


mixture contained no trace of an aldehyde compound which could have 
reacted together with the DHAP to form catalytic amounts of condensa- 


Tas_e III 
Effect of HDP on Rate of Labeling of DHAP 


min c.p.m. per wmole c.p.m. per wmole pmole per min. 
DHAP 2 915 1160 0.30 
4 1400 | 2140 0.29 
DHAP + HDP 2 490 | 550 0.15 
4 685 | S12 0.11 


Sach incubation mixture contained 1.37 wmoles of DHAP, 0.1 ml. of stock solution 
A, 0.12 unit of aldolase, and 5 me. of TOH ina volume of 1 ml. 4.3 wmoles of HDP 
were present in addition in one tube. Specific activity of TOH was 2540 ¢.p.m. per 
microatom. Incubation was at 23°, and 0.4 ml. samples were added to copper ace- 
tate at 2 and 4 minutes. DHAP was then isolated by ion exchange. 


tion product. The latter compound would then have led to labeling of 
DHAP in the dealdolization reaction. The validity of the assumption is 
supported by the fact that the rate of exchange (v7) is more rapid than the 
maximal velocity of dealdolization (V"°*") of what is presumably the best 
substrate for the enzyme. Furthermore, if the labeling were due to a 
contaminating acceptor aldehyde (or a contaminating enzyme), the addi- 
tion of HDP might be expected to increase the rate of labeling of DHAP. 
On the other hand, if a true exchange had occurred and was catalyzed by 
a region in aldolase which also binds HDP, one might expect to observe 
an inhibition in the rate of labeling. The latter was indeed found to be 
the case (Table III). It is seen that the specific activity of the DHAP is 
about half as great at comparable times when HDP is present in the incu- 
bation mixture. 

In order to determine the rate of labeling from the specific activity of 
DHAP, a correction must be made to allow for the fact that, as tritiation 
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proceeds, the net rate of tritiation diminishes in a first order manner be- 
eause of the decreased concentration of unlabeled DHAP. The first order 
rate law (16) given in Equation 2 requires constancy in the concentration 


23IDHAP] 


of total DHAP and in the specific activity of the water. In this equation 
S, and S, are the specific activities of DHAP at time ¢ and at complete 
equilibration. Assuming no mass effects, S., may be taken to be the 
specific activity of the TOH in counts per minute per microatom of hydro- 
gen. A test of the validity of this equation will be discussed below. This 
correction is made in the data in Table III, and again it will be noted that 
the rate of exchange (v*) was greater than the rate V"?" and about twice 
as great as the velocity of tritiation (v‘) in the presence of HDP. 

The use of large amounts of isotope (10 me. per incubation) and the 
lengthy procedure of reisolation of DHAP made it difficult to perform 
detailed kinetic studies. For this reason it was preferable to study the 
detritiation of previously labeled DHAP (DTAP) in H.O and to examine 
the water for radioactivity. The most convenient method found for 
separation of the water from DTAP was to pass the sample through a 
short bed of Dowex 1, Cl and to wash the resin successively with small 
measured volumes of water. A small amount of radioactivity which was 
usually found in the zero time break-through volume and which could 
not be removed by lyophilization was subtracted from the counting data 
to determine those counts which were actually released by the enzyme. 
This correction represented about 2 per cent of the infinite time samples 
in the freshly prepared DTAP and increased slowly over the months of 
storage. Infinite time incubation was achieved by adding the sample to 
a large excess of enzyme. The reactions were usually stopped by the 
addition of an equal volume of ethanol, which was shown to inactivate 
completely both the exchange and the aldolase activity. Equation 2 
should be equally applicable in determining the rates of detritiation, and 
in this case S,; and S,, refer to the specific activity of the water or, more 
conveniently, the total counts found in the water at the time ¢ of sampling 
and at the time ¢, of complete detritiation. A test of this relation is shown 
in Fig. 1 in which the actual amount of DTAP which had been detritiated 
and the ‘corrected amount,” v*-t, are plotted against time up to about 
75 per cent of complete equilibration. Equation 2 was henceforth applied 
to all calculations of labeling velocities in which no change in concentration 
of substrates occurred. 

A study of the effect of enzyme concentration and time of incubation 
over a 20-fold range of each is shown in Table IV. It will be seen that, 
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although there is some variation in the extent of detritiation, in the differ. 
ent incubations, there is no indication of a trend due to enzyme inactiva- 
tion. If BSA was omitted erratic results were obtained at high dilutions 
of the enzyme. 


5 

al 

: 

= 50 100 50 
MINUTES 


Fic. 1. Test of Equation 2 for first order correction of v7. The incubation mix- 
ture, at 30°, contained in 1 ml. the following: 1 wymole of DTAP, 0.1 ml. of stock 
solution A, 1 mg. of BSA, 0.08 unit of aldolase; 0.1 ml. samples taken. Specific 
activity of DTAP, 40,400 c.p.m. per wmole. X, time-v? (uncorrected); @, time-v? 
(corrected). 


TABLE IV 
Proportionality of Exchange with Ey and t 

Aldolase Time Counts in water 
unit min. c.p.m 
0.02 5 3518 
8 4740 
0.01 10 3354 
16 5154 
0.005 20 3726 
32 5180 
0.001 100 3118 
160 4632 


Each tube contained, in 0.5 ml., 0.5 wymole of DTAP (specific activity = 45,000 
c.p.m. per umole), 0.5 mg. of BSA, 0.05 ml. of stock solution A, and the amount of 
aldolase noted. Samples of 0.2 ml. were taken at the times noted for TOH deter- 
mination. 


Any hypothetical mechanism for the exchange reaction involves the 
formation and decomposition of an enzyme-DHAP complex of some sort. 
Since there is no change in the concentration of substrate, once the steady 
state has been reached, the A,, of the usual Michaelis-Menten equation, 
as applied to the present system, is an over-all equilibrium constant for 
the enzyme, substrate, and all forms of the enzyme-substrate complex. 
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The maximal velocity for the exchange (V*) would then be the rate of re- 
generation of free enzyme (k_,; Eo) as E-DHAP approaches the total en- 
zyme concentration (Eo), and the equation becomes 


(3) 


where D is the concentration of DHAP and K? is the dissociation constant 
of the E-S complex, equal to k_,/k;, for the exchange reaction described 
in Equation 1. In order to test Equation 3, the rate of exchange was 
determined over a 10-fold concentration of DTAP and was found to give 
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I/DTAP 
Fia. 2. po versus DTAP plot for exchange reaction, giving A* and V*. Four 


incubations of 1 ml. each were set up at 30°, each containing, in addition to 1 mg. 
of BSA and 0.1 ml. of stock solution A, the following, respectively: DTAP, 0.02, 
0.04, 0.08, and 0.20 umole (110,000 c.p.m. per umole); and aldolase, 0.001 unit in the 
first three and 0.05 in the last. Samples were removed at 0’ and two later intervals 
and the counts in TOH determined. Velocities are expressed in micromoles of 
DTAP detritiated per minute per mg. of aldolase. 


a linear double reciprocal plot (Fig. 2). The value of K* from this plot 
is 7.4 X 10-5 mM and V* = 28.2 umoles per minute per mg. of protein. If 
the molecular weight of aldolase is taken as 147,000 (17), this gives a value 
of k., = 4150 min.-'. Thus k; equals 5.6 107 Further 
studies of this kind and determinations at several pH values, with various 
buffers and salt concentrations, have shown that the magnitude of the 
kinetic constants is dependent on the nature and concentration of the 
anions in the medium. This finding is in accord with the strong inter- 
actions of aldolase with anions found by Velick (18). 


DHAP + E E-DHAP (4) 
-1 
G3P + E-DHAP E-HDP HDP (5) 
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If one enzyme is responsible for the exchange (Equation 1) and the al- 
dolase reaction (Equations 4 and 5), then in the presence of high concen- 
trations of G3P the rate of detritiation of DTAP (v4) should become equal 
to the rate of the condensation reaction (v7) of the two trioses. As G3P 
and DHAP both become large, the concentration of /-DHAP decreases 
and free enzyme is returned at the limiting rate k3/%5. If separate enzymes 
or separate sites were responsible for the condensation and exchange, then 
vt = vy* + v®. Experiments were accordingly performed to determine v4 
and v*° in the presence of high concentrations of G3P. In separate tests, 
the apparent K,, of G8P in the condensation reaction was found to be in 
the range 0.05 to 0.15 mm, and the amounts used in the experiments re- 


TABLE V 
Equality of v4 and v¢ at High G3P Concentrations 


DTAP concentration G3P concentration | Aldolase vy! | v 

mM mM | | | 

0.9 | 0 | 0.035 | 0.038 | 

0.9 | 0.36 | 0.035 | 0.025 | (0.027 

1.0 | 1.0 | 0.0063 | 0.0051 | 0). 0047 
0.5 | 0 | 0.030 | 0.0365 | 

0.5 0.8 0.030 0.016 


| | 

The incubations contained BSA and stock solution A in usual amounts in addition 
to the DTAP and G3P and units of enzyme indicated in Table V. Zero time and two 
other time samples were removed from each incubation and TOH determined as 
usual. The value of v° was calculated from the amount of HDP present as deter- 
mined by the method of Roe et al. (19). 


ported in Table V were therefore in great excess of this range. As shown 
in Table V, the rate of detritiation decreases to a value approximately 
equal to the rate of condensation under the same conditions of incubation. 
The agreement between these rates is not a fortuitous result of an isotope 
effect. This is shown from independent experiments in which the veloc- 
ities of tritiation and detritiation were found to be the same within ex- 
perimental error. The evidence would then seem to support a mechanism 
for aldolase in which the reaction leading to exchange is intimately con- 
cerned with the over-all condensation. 

Yeast Aldolase—This enzyme, studied by Warburg and Christian (5), 
differs from muscle aldolase in that the yeast enzyme requires a heavy 
metal (Zn*+*, Fet?, or Co**) for activity, whereas the muscle enzyme 
is not inhibited by metal binding agents and is in fact inhibited by metals 
(Agt, Cut?, Znt*) (20). It now appears that the hexosediphosphate al- 
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dolases of Escherichia coli, Clostridium, and Aspergillus resemble the yeast 
aldolase in requiring a metal ion, whereas those isolated from peas and 
rat muscle resemble the rabbit muscle enzyme (for a summary of these 
differences see Jagannathan et al. (21)). It was of interest, in view of this 
singular difference, to determine whether the DHAP exchange was also 
catalyzed by the metal-requiring aldolases. Yeast aldolase was chosen 
for this work. Table VI shows the results of an experiment in which the 
detritiation of DTAP labeled with muscle aldolase was studied. It will 
be seen that yeast aldolase catalyzed a detritiation of DTAP and that 
this process was stimulated by zine and inhibited by EDTA. The pres- 
ence of a small amount of zinc in the enzyme solution, giving a final con- 
centration of 0.01 mm, may well have been responsible for the basal rate 
of detritiation. 


Tasie VI 
Exchange Reaction and Yeast Aldolase 
Additions Detritiated 


each tube contained, per ml. of solution, DTAP (0.14 gmole), BSA (1 mg.), maleic 
buffer, pH 7.4 (70 wmoles), and yeast aldolase (1.2 units). Incubation was for SO 
minutes at 27°, and reaction stopped with ethanol. ‘TOH was determined as usual. 


To determine whether the detritiation observed in Table VI was stereo- 
specific, the aldol condensation of G3P was allowed to occur with DTAP 
labeled either by muscle aldolase or muscle triosephosphate isomerase. 
These two enzymes label different hydrogen atoms on the same carbon of 
DHAP (15). Thus, if yeast aldolase were stereospecific, the HDP formed 
with only one of the DTAP’s would be radioactive. As seen from Table 
VII, the HDP derived from triosephosphate isomerase-labeled DHAP 
(DTAP+:) had about the same specific activity as the DTAP which was 
reisolated. On the other hand muscle aldolase-labeled DHAP (DTAP ya) 
is detritiated by yeast aldolase, and very little radioactivity appears in 
HDP. Thus the two aldolases are stereospecific for the same valence bond 
of DHAP. 

It will be noted from Table VI that the best rate of exchange (0.075 
umole per 80 minutes) was far below V"?" (1.2 umoles per minute). This 
relationship was always observed when the incubation conditions deseribed 
in Table VI were employed. Therefore, the question of the relevance of 
exchange to the aldolase reaction must be considered. A lower limit to 
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the maximal rate of exchange (V7) is the maximal rate of the dealdoliza- 
tion (V¥™P"). This is shown when the expression V* = k_,E, is placed 


into the expression for V#?? ( m--ame ) (22). Thus 
ks 


VHDP — | 
ka (6) 


and V* must be at least as large as V"?". The DHAP concentration used 
in the above experiments was assumed from the muscle aldolase experi- 


TaBLe VII 
Stereospecificity of Yeast Aldolase-Catalyzed Condensation 
Expert: Radioactivity distribution after incubation 
ment No. Substrates 
DHAP HDP 
pmoles total c.p.m. c.p.m. per umole c.p.m. per pmole 

| DTAPwa 3 5300 3100 200 
G3P 6 

2 DTAPr 3 0 12, 200 11,800 
G3P 3 


Both incubations contained 0.87 ymole of ZnSO,, 25 wmoles of maleate buffer, pH 
7.4, 0.5 mg. of BSA, and 0.16 unit of yeast aldolase preparation. In addition, the 
noted substrates were present at an initial specific activity of DTAPya (labeled by 
muscle aldolase) of 10,500 ¢.p.m. per umole and of DTAPr (labeled by triosephos- 
phate isomerase) of 20,000 c.p.m. per wmole. Final volume was 0.85 ml. The reac- 
tions were stopped after 20 minutes by addition of ethanol. The radioactivity in 
water, DHAP, and HDP was determined by ion exchange separation in the usual 
manner. The decrease in the specific activity of DHAP during the reaction and the 
counts found in HDP of Experiment 1 are not understood. 


ments to be a saturating concentration. However, in view of the possi- 
bility that the AK? for the yeast aldolase exchange is much greater, the 
effect of DHAP concentration on v* was determined. A linear dependence 
was found to obtain up to the concentration of 2 mM, at which point v” 
was still much less than V"™PP. 

The effect of pH on velocity was next determined in the hope that a 
strongly pH-dependent K? value would permit the measurement of veloc- 
ities at much lower and more accessible concentrations of DHAP. This 
was especially desirable in view of the very high K,, of DHAP for triose- 
phosphate isomerase. At the high concentrations of DHAP being used, 
the correction for DHAP disappearance (and hence detritiation by aldol 
condensation due to aldolase) was quantitatively significant. In Fig. 3 
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are shown the results of an experiment in which v* was determined at the 
three pH values, 6.5, 7.0, and 7.5, and at the arbitrary DHAP concentra- 
tion of 0.76 mm. In this region a 9-fold increase in rate accompanies a 
unit lowering of pH. The published value for pK, of DHAP is 6.45 (23). 
The high K? found at pH 7.5 may indicate, therefore, that it is the mono- 
valent form of DHAP that is the active substrate. 

In an experiment similar to those made at pH 7.0, but with DHAP of 
5 mM, a simultaneous determination of v? and rate of DHAP disappearance 
indicated that, with V"¥P? = 0.1 ywmole per minute per ml., DHAP dis- 
appeared (due to triosephosphate isomerase and aldolase) at the rate of 


MOLES EXCHANGED 


MINUTES 
Fic. 3. Effect of pH on v7. Each ml. of incubation contained 0.04 unit of yeast 
aldolase, 1 mg. of BSA, 100 umoles of Na maleate, 1 umole of ZnSO,, and 0.76 umole 
of DTAP. The pH was adjusted before addition of enzyme to §§, 6.5; A, 7.0; or 
@, 7.5. Samples were placed in ethanol after a period of incubation at 30°. 


0.02 umole per minute per ml., whereas the exchange occurred to the ex- 
tent. of 0.25 ymole per minute per ml. This places a minimal value upon 
V* and thus establishes the limiting condition required to make the ex- 
change reaction pertinent to the kinetics of the aldolase reaction. 


DISCUSSION 


The foregoing results indicate that a reaction occurs between muscle or 
yeast aldolase and DHAP which results in the exchange of an a hydrogen 
of DHAP with the protons of the medium. This is presumed to be evi- 
dence for a complex, or compound, formed between protein and substrate 
preliminary to the condensation of the complex with acceptor aldehyde. 
The evidence which suggests this is (a) that the exchange is inhibited by 
Cut?, Agt, and ethanol at concentrations which inhibit the dealdolization 
of HDP, (b) that both HDP and G3P affect the rate of exchange in a way 
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predicted by the proposed mechanism for the over-all reaction, and (ce) 
that the maximal rate of exchange obeys the limiting kinetic requirement 
that it be at least as fast as V"P?". 

The reaction leading to the exchange appears to be absolutely stereo- 
selective for only one of the pair of hydrogens of the carbinol carbon. — This 
result neither implies nor denies the possibility that in the condensation 
product like substituents on the newly linked carbon atoms will be either 
cis or trans to each other, since the nature of the product in this respect 
may be determined by the configuration of the attacking aldehyde in the 
transition state. A consequence of the stereospecific attack by aldolase 
on DHAP is seen in the spatial configuration at C; of those sugar phos- 
phates known to be substrates or products of aldolase; the phosphate esters 
of p-xylulose (24), p-fructose, p-tagatose (25), L-sorbose (25), and p-sedo- 
heptulose (26) all have the same configuration at C;. An extension of this 
argument would predict that L- and not p-allulose diphosphate would 
be cleaved by muscle aldolase. 

It is of great interest that the two aldolases studied are similar in that 
both carry out the exchange and have identical stereospecificity in spite 
of other differences. It is proposed that generalized aldolase reactions 
such as those listed in the introduction may proceed in the absence of the 
displacing molecule with a primary activation of the hydrogen to be dis- 
placed. It may not always be possible to demonstrate this exchange, 
depending on kinetic and thermodynamic considerations. However, the 
reaction is theoretically demonstrable if the condensation and cleavage 
reactions can be measured and if concentrations of the compounds tested 
for exchange are high with respect to their Michaelis constants in the 
condensation reaction. 


The authors are glad to acknowledge the skilled technical assistance 
of Mr. Edward O’Connell. 


SUMMARY 


1. An exchange between hydrogen of water and dihydroxyacetone phos- 
phate is catalyzed by both yeast and muscle aldolases. The position in 
dihydroxyacetone phosphate which exchanges is the same one that forms 
the new carbon-carbon bond in the condensation reaction. 

2. Under the proper conditions, the velocity of exchange can be shown 
to be sufficiently large so that it is likely that it indicates an obligatory 
step before condensation. 

3. The exchange rates (with the muscle aldolase) are decreased in the 
presence of fructose 1 ,6-diphosphate or glyceraldehyde 3-phosphate. 
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4. The kinetic constants and equilibrium constant for the exchange 


reaction have been determined. 


4{ddendum—Since the submission of this paper, a publication by Topper, Mehler, 


and Bloom (27) has presented spectrophotometrie evidence for a complex of DHAP 
with muscle aldolase. In another paper, additional kinetic evidence for such a 
complex has been presented by Rose (28). 
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DEAZAPTERIDINES AND DEAZAPURINES, INHIBITORY 
ANALOGUES OF FOLIC ACID AND GUANINE* 


By BERT 8S. GORTON,{ JOANNE M. RAVEL, ann WILLIAM SHIVE 


(From the Clayton Foundation for Research, the Biochemical Institute, and the 
Department of Chemistry, The University of Texas, Austin, Texas) 


(Received for publication, August 29, 1957) 


In a search for new inhibitory analogues, several compounds containing 
a pyridine ring instead of the pyrimidine ring of folic acid and certain 
precursors of nucleic acids have been synthesized. Two of these com- 
pounds, 3-deazafolic acid (I) and 1-deazaguanine (II), have been found in 
the present investigation to be antagonists of folic acid and guanine, 


respectively. 


OH COOH 
N 
(CHa): 
N N 
COOH 
OH 
N 
V4 aN 
| N 
NH:—\ 
NH 


The synthesis of 3-deazafolie acid, 6-amino-8-hydroxy-2 ,3-diphenylpyrido- 
(2,3)pyrazine (III), and 5-amino-7-hydroxypyrido(2 ,3-d)-v-triazole (IV), 
together with the biological properties of these compounds and 1-deaza- 
guanine, is presented here. The synthesis of 1-deazaguanine has been 
reported elsewhere (1, 2). 


* From a thesis submitted by Bert 8S. Gorton to the Graduate School, The Uni- 
versity of Texas, in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy, June, 1957. 

+t Predoctoral Fellow of the National Science Foundation, 1956-57. Present 
address, E. I. du Pont de Nemours and Company, Inc., Wilmington, Delaware. 
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EXPERIMENTAL 


Methods—In determining the microbiological activity of the compounds 
as growth inhibitors, the assay procedure and medium for the lactic acid 
bacteria were the same as those previously described (3) with the following 
exceptions: The tabulated amounts of the vitamins plus 3 mg. of calcium 
pantothenate were dissolved in 30 ml. of 50 per cent ethanol instead of 
100 ml. of water, the purine-pyrimidine supplement was decreased to 0.8 
ml. per 100 ml. of basal medium, the total volume of the assay tubes was 
reduced from 10 to 5 ml., the samples were added with water to make 2.5 
ml. instead of 5 ml., and for the Leuconostoc strains the concentration of 
phosphate was increased 4-fold. For Leuconostoc dextranicum the medium 
was further modified by the addition of 0.1 y of pantethine per 5 ml. per 
assay tube, and for Lactobacillus casei L-glutamine (100 y per assay tube) 
in a sterile solution was added aseptically to the autoclaved assay. The 
assay procedure (4) and medium (4, 5) for Escherichia coli were the same 
as those previously described. In all assays, the amount of growth was 
determined turbidimetrically in terms of galvanometer readings so adjusted 
in the particular instrument that distilled water reads 0, an opaque object 
100. 

8-Deazafolic Acid—-p-Aminobenzoyl-L-glutamie acid (80 mg.) (Hoffmann- 
La Roche and Company, Basel, Switzerland) was added to 10 ml. of a 
sodium acetate buffer solution (1 gm. of sodium acetate in 100 ml. of water 
with sufficient glacial acetic acid to adjust the pH to 4.5), and hydrogen 
gas was bubbled through the solution for several minutes before adding 
2 ,3,6-triamino-4-pyridinol hydrochloride (1) (50 mg.). 2,3-Dibromo- 
propionaldehyde (64 mg.) in 5 ml. of ethanol was added dropwise to the 
mixture through which hydrogen was bubbled during the addition and for 
an additional hour. Air was then bubbled through the solution for 4 hours, 
and the reaction mixture was diluted with water and placed in a refrigerator 
overnight. The resulting precipitate was collected by centrifugation and 
washed twice with water and dried under reduced pressure to yield 42 mg. 
of brownish purple material which did not melt below 300°. Based on 
the activity of 3-deazafolic acid subsequently isolated, this crude precipi- 
tate contained about 16 per cent of the expected product. 

The purification of the deazafolic acid was followed by its ability to 
inhibit the growth of L. casei stimulated by 0.001 y of folic acid per ml. 
of medium during a growth period of 20 to 24 hours at 37°. 

A sample of 440 mg. of such a crude precipitate containing about 12 per 
cent of the active principle was ground with 10 ml. of 5 per cent aqueous 
sodium bicarbonate. The resulting suspension was centrifuged, and the 
insoluble material was again treated with an additional 5 ml. of the sodium 
bicarbonate solution. The combined soluble fractions were concentrated 
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under reduced pressure to 5 ml. which were placed on a 12 em. X 31 mm. 
column of 30/60 mesh Florisil (Floridin Company, Warren, Pennsylvania) 
prepared in water. The column was developed with water. A reddish 
purple band was strongly adsorbed at the top of the column, while a 
brownish orange band which moved through the column contained the 
folic acid antagonist as determined microbiologically. Continued develop- 
ment of the column with water slowly moved the reddish purple band 
which was not inhibitory in the microbiological assays. 

The fraction containing the brownish orange band was concentrated 
under pressure to 2 ml., centrifuged to remove suspended Florisil, and 
again placed on a Florisil column in the same manner as described above. 
The brownish orange band was freed of all traces of the reddish purple 
material in this manner, and the active fraction was again concentrated to 
2 ml. and centrifuged to remove inactive material. 

The active fraction was placed on a 6 em. X 31 mm. column of Alphacel 
(Nutritional Biochemicals Corporation, Cleveland, Ohio) and developed 
with 80 per cent ethanol. <A biologically inactive dark brown band came 
directly through the column. A light yellow band possessing slight activity 
followed, and moving more slowly through the column was an orange 
band which contained approximately 60 per cent of the original activity. 
A light brownish purple band remained adsorbed on the column. 

The ethanol fraction containing the majority of the biologically active 
material was centrifuged to remove suspended cellulose and then evaporated 
to dryness under reduced pressure. The residue was dissolved in 2 ml. 
of distilled water and again centrifuged to remove foreign material. The 
solution was finally acidified to pH 3 with 1 N hydrochloric acid to obtain 
an orange precipitate. After standing in the ice box overnight, the pre- 
cipitate was recovered by centrifugation and washed thrice with distilled 
water. The precipitate was dried under reduced pressure to yield 19 mg. 
of an orange powder which in bioassay gave half maximal inhibition of 
growth at a concentration of 0.14 y per ml. and which did not melt below 
300°; Awax (in 0.1 N sodium hydroxide) at 346 my, log € 4.15; Amax at 265 
mu, log € 4.45; inflection at 276 my, log € 4.42; Awin at 329 my, log € 4.12; 
Awin At 242 my, loge 4.23. A sample for analysis was obtained by dissolv- 
ing 5 mg. of the material in a warm solution of 50 per cent ethanol, cen- 
trifuging, evaporating the solvent, and drying the residue under reduced 
pressure. 


CooHyeNeOe- HHO. Caleulated. C 51.4, H 4.96, N 17.98 


5-Amino-?-hydroxypyrido(2 .3-d)-v-triazole—To a solution of 137 mg. of 
2,3 ,6-triamino-4-pyridinol hydrochloride in 5 ml. of water held at 3° in an 
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ice bath were added 51 mg. of sodium nitrite in 2 ml. of water. The result- 
ing solution was immediately poured into 15 ml. of hot 5 N potassium 
hydroxide. After boiling for 2 minutes, a light orange-red color developed, 
and the solution was then cooled and neutralized with 5 N hydrochloric 
acid. A light tan precipitate formed which was filtered and washed with 
water. The solid was extracted with hot water, and the solution was 
decolorized with Dareo G-60. After reduction in volume and cooling, 
very fine clusters of colorless needles separated which were washed and 
dried at 110°. The product, 11 mg., did not melt below 300°; A... (in 
0.1 N sodium hydroxide) at 283 my, log € 3.75. 


C,H,N,;0. Calculated. C 39.7, H 3.33, N 46.3 
Found. ** 39.6, “* 3.70, ** 46.1 


The diazotization and cyclization steps of this procedure are attended 
with several difficulties, owing to the ease of nitrosation of the pyridine 
ring and the reactivity of the diazonium salt. The rate of addition of 
sodium nitrite was found to be critical. If addition was too slow, the 
diazonium salt would form a bluish purple precipitate before the solution 
could be poured into alkali. Adding the sodium nitrite too fast generated 
excess nitrous acid, and nitrosation would occur, a turquoise precipitate 
being formed. As in the case of l-deazaguanine, the belief that closure 
had occurred to the 2-amino group to form the triazole, rather than to the 
4-hydroxy group to form the diazo oxide, was supported by the observations 
that the product was colorless and possessed an acidic group. 

6-Amino-8-hydroxry-2 ,3-diphenylpyrido(2 ,3)pyrazine—To a solution of 
248 mg. of benzil in 100 ml. of glacial acetic acid were added 25 ml. of 
absolute ethanol containing 2,3 ,6-triamino-4-pyridinol resulting from the 
reduction of 200 mg. of 2,6-diamino-3-nitro-4-pyridinol (1). During the 
addition of the ethanol solution and for several minutes after placing the 
mixture on a steam bath, a stream of hydrogen was bubbled through the 
mixture. The solution was then placed on a hot plate, and the volume of 
the solution was reduced until the boiling temperature rose to 115°. 
Heated to reflux for 12 hours, the solution was decolorized with Darco 
G-60, cooled, and poured into an equal volume of cool water. The cream- 
colored flocculent precipitate which formed was recovered by filtration 
and washed with water. The cake was extracted with 95 per cent ethanol 
which dissolved most of the solids. The ethanol solution was then evapo- 
rated to dryness on a steam bath, and the residue was extracted with 0.1 
N sodium hydroxide. The extract was neutralized with 0.5 ~ hydrochloric 
acid to form a precipitate which was filtered, dried, and extracted with 
ether. The residue from ether extraction was dissolved in 2 ml. of hot 
95 per cent ethanol, treated with Darco G-60, and finally with additions 
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of water until the solution became turbid. After being warmed and al- 
lowed to cool slowly, the solution deposited fine granular crystals, which 
when washed and dried amounted to 7.7 mg. of light orange powder, 
melting with decomposition at 310-315°; Awox (in 0.1 N sodium hydroxide) 
at 280 my, log « 4.92. 


CysHyNO. Caleulated, N 17.8; found, N 17.6 


RESULTS AND DISCUSSION 


The growth-inhibitory effects of certain of the deaza analogues are 
indicated in Table I. 1-Deazaguanine is a very effective inhibitor of 
growth of L. casei and moderately effective against certain other organisms; 
however, Streptococcus faecalis and EF. coli are not inhibited in their growth 
by the compound even in moderately high concentrations. The 8-aza 
derivative of 1-deazaguanine, 5-amino-7-hydroxypyrido(2 ,3-d)-v-triazole, is 
ineffective in inhibiting the growth of most of the organisms except L. 
dextranicum, for which the derivative is about one-fourth as effective as 
|-deazaguanine as a growth inhibitor. 3-Deazafolie acid is a very effec- 
tive growth inhibitor of L. casei and is moderately effective in inhibiting 
growth of Leuconostoc mesenteroides, but is ineffective in inhibiting growth 
of S. faecalis. Also, the folinie acid-requiring organism, Leuconostoc 
citrovorum, is not affected by moderately high concentrations of 3-deaza- 
folic acid. 

The reversal by purines of 1-deazaguanine toxicity for L. case7 is indicated 
in Table If. Although adenine, hypoxanthine, and xanthine each have 
some effect in reversing the toxicity, guanine reverses the toxicity over a 
broad range of concentrations, while other purines tend to become less 
effective at higher concentrations. These results strongly suggest that 1- 
deazaguanine exerts its primary effect as a guanine antagonist, even 
though data concerning a competitive relationship show some irregularities. 
The toxicity of 1-deazaguanine for L. dextranicum is also prevented by 
guanine. 

The fact that guanine is more effective than guanosine, deoxyguanosine, 
or a mixture of the two nucleosides in reversing 1-deazaguanine toxicity for 
L. casei suggests that, unless the nucleosides are not utilized by the organ- 
ism, inhibition of a function of guanine other than nucleic acid synthesis 
may be involved. Guanosine does not exert a growth-stimulatory effect 
analogous to that of guanine in the basal medium, but deoxyguanosine 
does exert such an effect; hence, it is possible that the rate of utilization of 
guanosine limits its ability to replace guanine in ribonucleic acid synthesis. 

Kidder and Dewey (6) noted that the testing of their preparation of 1- 
deazaguanine (2) was hindered by its limited solubility, which prevented 
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Taste I 


Growth Inhibitions by 3-Deazafolic Acid, 1-Deazaguanine, and 
§-Amino-?7-hydrorypyrido(2,3-d) -v-triazole 


1-Deazaguaninet Amino -hydroxypy. | 3-Deazafolic acidg 

Amount required for half maximal growth inhibition, y per 5 ml. 
S. faecalis 8043............... >500 > 300 > 100 
L. dextranicum 8086.......... 50 200 
E. coli, Texas strain.......... > 1000 > 300 
L. mesenteroides 8293........ 3 
** citrovorum 8081............ > 100 


* Incubated at 30° for 20 hours, except L. casei and E. coli, which were incubated 
at 37°. 

+ Purines omitted from the basal medium. 

t Added without heat treatment to autoclaved assay tubes. 

§ In the presence of 0.003 y per 5 ml. of folic acid, except for the L. citrovorum 
medium which contained 0.003 y per 5 ml. of folinic acid. 


Taste Il 
Reversal of 1-Deazaguanine Toricity with Purines 
Test organism, L. casei 7469, incubated for 24 hours at 37°.* 


Guanine, per ml. Adenine | Mypoxam | Xanthine 
3 | 10 30 10 per ml. 
Galvanometer readingst 
0 42 47 70 80 80 45 79 77 
26 

3 2 22 56 sO 51 76 71 
10 6 15 59 70 47 70 30 
30 ll 35 40 34 47 16 
100 1 | 2 | 33 ae 10 
300 8 | 20 | 33 

1000 9 7 | 


* Purines omitted from the basal medium. 
t A measure of culture turbidity; distilled water reads 0, an opaque object 100. 


their obtaining even half maximal inhibition of Tetrahymena pyriformis W. 
The slight inhibition obtained was reversed by guanine. 
1-Deazaguanine showed some antitumor activity against mouse mam- 
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mary carcinoma C3H strain grown in eggs.' At a concentration of 0.8 
mg. per egg, the survival of the eggs was 98 per cent of the control, tumor 
ize was 68 per cent of the control, and the embryo size was 90 per cent of 
the control. These data suggest that the inhibitory effect is not specific 
for the tumor. 3-Deazafolic acid (100 y per egg) was inactive against 
the tumor although inhibiting the embryo growth to 80 per cent of the 
control. 

The toxicity of 3-deazafolic acid for L. casei is reversed in a competi- 
tive manner by folic acid as indicated in Table III. Also, a similar rela- 
tionship exists in the case of L. mesenteroides. 


Taste Ill 
Reversal of 3-Deazafolic Acid Toxicity with Folic Acid 
Test organism, L. casei 7469, incubated for 20 hours at 37°. 


— 


Folic acid, y per 5 ml. 


3-Deazafolic acid, y per 5 ml. 0.003 | 0.01 0.03 


_- 


Galvanometer readings* 


0 53t | 54 

0.1 44 

0.3 39 44 57 

1 36 42 43 

3 25 38 43 
10. 22 38 
30 23 


— —— 


* See the corresponding footnote in Table IT. 
t Control without folie acid supplement read 3. 


Substitution of a pyridine ring for the pyrimidine ring results in deaza 
derivatives of guanine and folie acid which are very good metabolite 
antagonists for some organisms but relatively ineffective for others. Such 
specificity for particular organisms is not uncommon among specific 
antagonists of metabolites. 


SUMMARY 


3-Deazafolic acid, synthesized by the condensation of 2,3 ,6-triamino-4- 
pyridinol with 2,3-dibromopropionaldehyde and  p-aminobenzoyl-.- 
glutamic acid, inhibits in a competitive manner the utilization of folic 
acid by Lactobacillus casei 7469 and Leuconostoc mesenteroides 8293 but 
not by Streptococcus faecalis 8043 at the concentrations tested. 6-Amino- 


' The authors are indebted to Dr. Alfred Taylor for the data on the effect of the 
deaza derivatives on egg-grown tumors. 
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8-hydroxy-2, 3-diphenylpyrido(2 ,3)pyrazine synthesized from the triam. 
inopyridinol and benzil was inactive under similar conditions. (Of 
several organisms studied, the growths of L. casei and Leuconostoc der. 
tranicum 8086 are most effectively inhibited by 1-deazaguanine, and the 
inhibition is reversed by guanine in a competitive manner. Other purines 
have some effect on the toxicity. 5-Amino-7-hydroxypyrido(2 ,3-d)-». 
triazole synthesized by the action of nitrous acid on triaminopyridinol js 
somewhat less effective than 1-deazaguanine in inhibiting L. dextranicum, 
but it is ineffective against several other organisms. 
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OXIDATION OF ACETATE, GLUCOSE, OR GLYCINE TO 
CARBON DIOXIDE IN MICE EXHIBITING THE 
HEREDITARY OBESITY SYNDROME* 


By ANN M. HUGHES anv BERT M. TOLBERTT 
(From the Radiation Laboratory, University of California, Berkeley, California) 


(Received for publication, September 11, 1957) 


A strain of mice, developed at the Roscoe B. Jackson Memorial Labora- 
tory, Bar Harbor, Maine, which exhibits a hereditary obesity-diabetes 
syndrome has been rather extensively studied. A concise review of this 
work is presented by Guggenheim and Mayer (1). In the same paper 
these authors describe studies on acetate metabolism in this strain of mice 
in Which a decreased production of C'™O, from labeled acetate over a 3 
hour period was found. They suggested a partial block of the Cy» frag- 
ment oxidation as the characteristic biochemical lesion in the animals. 
Parson and Crispell (2) present data that do not confirm the results of 
Guggenheim and Mayer. 

Mayer, Bates, and Dickie (3) report a high blood sugar level in the obese 
mice: 200 mg. per cent compared to 110 mg. per cent for the non-obese 
controls. Fasting for 4 hours lowered the blood sugar level of the obese 
mice 50 to 60 per cent, while that of the controls remained unchanged. 
The obese mice also proved to be very insulin-resistant. 

In order to obtain additional data on these animals and their metabolic 
abnormality, the patterns for C' dioxide excretion have been determined, 
after the injection of labeled glucose, acetate, or glycine. The C™ respira- 
tory patterns after glucose-C™ administration were determined for one 
animal with and without insulin. These data have been used to define 
further abnormalities of intermediary metabolism rates or of metabolic 
pool sizes. 


EXPERIMENTAL 


Obese mice, both male and female, and their litter mate controls were 
obtained from the Roscoe B. Jackson Memorial Laboratory. Acetate-2- 
glucose-C,'', and glycine-2-C™ were the compounds tested. In each 
ease the dose, injected either intraperitoneally or intravenously, was | 
mg. and contained about 5 we. of C™. Respiratory excretion of C"O, was 


* The work described in this paper was sponsored by the United States Atomic 
Energy Commission. 

t Present address, Department of Chemistry, University of Colorado, Boulder, 
Colorado. 
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followed thereafter for 7 hours. In this method of studying respiratory 


metabolism the animal is injected with a labeled compound and im- 
mediately placed in a glass cage. Air is drawn through the animal cage, 
then through an ionization chamber-vibrating reed electrometer combj- 
nation which continuously measures the radioactivity in the air passing 
through the chamber and records the value on a recording potentiometer 
(4). The data obtained in this manner can be expressed as a rate curve 
(per cent per minute of injected dose respired as CO, plotted versus 


PERCENT OF DOSE RESPIRED PER MINUTE 


20 40 60 90 120 

TIME - MINUTES 

Fic. 1 Fig. 2 

Fic. 1. Rate of respiration of C™O>, after intraperitoneal injection of acetate-2-C", 
Per cent per minute of the injected dose respired as CO, is plotted versus time after 
injection. OB, obese mice; OBC, litter mate control mice. 

Fig. 2. Cumulative respiratory excretion of CQO, after intraperitoneal injection 
of acetate-2-C™. Cumulative per cent of injected dose respired is plotted versus 
time after injection. OB, obese mice; OBC, litter mate control mice. 


RESPIRATORY C'40, (PERCENT OF INJECTED DOSE) 


time after injection) and as a cumulative breath excretion curve (cumulative 
per cent of injected dose excreted as COs» plotted versus time after injee- 
tion). Each experimental curve given in this paper represents the average 
of data obtained from twelve animals. 


Results 


The first experiments, in which acetate was injected intraperitoneally, 
showed a striking difference between the obese and control animals (see 
Figs. 1 and 2). The possibility was considered that the differences in 
respiration might be due to a slower absorption of the injected acetate as a 
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result of the great quantity of fatty tissue in the abdominal cavity of the 
obese mice. Therefore, the experiments were repeated, injecting the 
acetate intravenously instead of intraperitoneally. The same type of 
respiratory pattern differences were observed (Figs. 3 and 4). 

In the first experiments involving the metabolism by obese mice of 
intraperitoneally injected glucose, we found a rather wide variation among 
animals, depending to a large extent on their physical activity. In an 
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RESPIRATORY CMO,(PERCENT OF INJECTED DOSE) 


TIME - MINUTES TIME -MINUTES 
Fia. 3 Fic. 4 
Fic. 3. Rate of respiration of C'), after intravenous injection of acetate-2-C™. 
Per cent per minute of the injected dose respired as CQ, is plotted versus time after 
injection. OB, obese mice; OBC, litter mate control mice. 
Fic. 4. Cumulative respiratory excretion of CO, after intravenous injection of 
acetate-2-C'™, Cumulative per cent of injected dose respired is plotted versus time 
after injection. OB, obese mice; OBC, litter mate control mice. 


attempt to reduce this variation, and also to eliminate the possibility of 
poor absorption of the intraperitoneal glucose by the obese mice, the 
experiments were repeated by injecting the glucose intravenously. The 
results from these later experiments showed a considerably improved 
reproducibility, but there was such a difference between the male and fe- 
male mice that the results on glucose to CO: oxidation are presented 
separately for each sex (Figs. 5 and 6). 

As can be seen from Figs. 7 and 8, there was no striking difference be- 
tween obese and control mice in the C" respiration patterns from glycine-2- 


ory 
im- 
AS 
i bi- 
ing 
ter 
| 
O8c 
| | 
| 
8 — 
| 
| | 
| 
| 
| 
n 
x 


PERCENT OF DOSE RESPIRED PER MINUTE 


PERCENT OF DOSE RESPIRED PER MINUTE 


O 


L 
) 


TIME - MINUTES 
Fic. 5 


Fic. 5. Rate of respiration of CO, after intravenous injection of glucose-C,", 
Per cent per minute of the injected dose respired as C'O, is plotted versus time after 
OB, obese mice; OBC, litter mate control mice. 

Fic. 6. Cumulative respiratory excretion of CO, after intravenous injection of 
Cumulative per cent of injected dose respired is plotted versus time 
OB, obese mice; OBC, litter mate control mice. 


injection. 


glucose-C 
after injection. 


RESPIRATORY C*O, (PERCENT OF INJECTED DOSE) 


O XO 60 390 120 
TIME - MINUTES 
Fic. 7 


Fic. 7. Rate of respiration of CO, after intraperitoneal injection of glycine-2-C™. 
Per cent per minute of the injected dose respired as CQO, is plotted versus time after 
OB, obese mice; OBC, litter mate control mice. 


injection. 


Fic. 8. Cumulative respiratory excretion of C™O, after intraperitoneal injection 
of glycine-2-C', 
after injection. 
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Cumulative per cent of injected dose respired is plotted versus time 
OB, obese mice; OBC, litter mate control mice. 
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DISCUSSION 


The rate at which a tracer C-labeled metabolite is excreted as C“O. 
in the breath is a function of many factors, including the rates of oxidation 
for the several steps required to convert the compound to COs, the sizes 
of the several metabolic pools on this pathway or these pathways, and, 
finally, the size and turnover rate of the body bicarbonate pool itself. 
It is not the purpose of this paper to attempt to analyze this complex of 
reaction kinetics. Rather, we shall attempt to interpret the data pre- 
sented above in a qualitative way. 

In the Ist hour after injection of labeled acetate, there is a significant 
decrease in the fraction of the activity excreted as C™O, for the obese 
mice as compared to the controls. In addition, the rate of excretion of 
the C“O, from the obese mice is significantly depressed as compared to 
that of the controls. These data confirm the conclusion of Guggenheim 
and Mayer (1), who suggest that a partial block of the C. fragment oxida- 
tion is the characteristic biochemical lesion in these animals. However, 
a direct comparison of results cannot be made since we used methyl- 
labeled acetate, whereas the other workers with obese mice have used 
carboxyl-labeled acetate. 

The turnover and equilibration of the acetate pool are sufficiently rapid 
that in | hour most of the injected acetate-2-C"™ will have been either ex- 
ereted or equilibrated with many other compounds. We can _ infer, 
therefore, that the reduced oxidation rate for this C, fragment must re- 
flect either an increased synthesis of fat or sugars or a vastly increased 
body pool of intermediates leading to these substances. 

The discrepancy between Guggenheim and Mayer’s work and that of 
Parson and Crispell (2) may well be a matter of dose size. Guggenheim 
and Mayer’s value was about 0.8 mg. of acetate per gm. of body weight, 
which is a very high dose. Whether or not this is critical for carboxyl- 
labeled acetate is difficult to say. For methyl-labeled acetate, it is the 
maximum that will yield a normal respiration pattern. Parson and 
Crispell do not define a gravimetric dose, although we assume that it was 
less, Judging from their radiochemical source. The carboxyl carbon of 
acetate is much more rapidly and completely oxidized to CO, than is the 
methyl carbon. It is, therefore, more difficult to measure changes in the 
metabolic rate of acetate when this labeled isomer is used. 

The difference observed between the rate of expiration of C™O. from 
labeled acetate after intraperitoneal or intravenous injection is probably 
due to the slower absorption after intraperitoneal injection. The fact 
that the cumulative respiration of C™Os. is also decreased, even over 7 
hours, is more difficult to explain. Since most of the peritoneally absorbed 
acetate must go through the liver before it can enter general circulation 
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and metabolism, the results may represent the metabolic difference be- 
tween a first exposure to liver tissue and a first exposure to the over-all 
body tissues. This picture is consistent with the present knowledge of 
the liver as a very active site of metabolic synthesis and with some un- 
published results from this laboratory on respiration of CO: from several 
labeled lactates and succinates as a function of the site of injection. 

The metabolism of glucose to COs, measured as a rate study (lig. 5) or 
as a cumulative oxidation of glucose to CO: (lig. 6), is comparable in the 
female obese or control mice and in the male controls. The obese male 
mice present a rather different picture. This abnormal glucose metabo- 
lism pattern is probably related to the high blood sugar levels found in 
these obese mice by Mayer, Bates, and Dickie (3). The depressed activity 
and cumulative CQO, respiration are in accord with the data of Tolbert 
and others (5-8) who have studied glucose-C™ to C“O: oxidation in diabetes 
in rats and mice. 

It is interesting to note that the obese male mice show this abnormality 
of glucose oxidation clearly, whereas it is only slightly evident in the data 
for the obese female mice. Clinical tests for diabetes in these mice were 
negative except for one male mouse that was not included in the above 
data. This mouse showed a positive urine sugar test, and the glucose 
metabolism was so modified that only 10 per cent of the injected glucose 
was recovered as CO, in the 7 hour period. The administration of insulin 
with glucose tripled the amount of glucose-C™ oxidized to C“Ob». 

The rate of oxidation of glycine-2-C™ to C™QOsz is slightly faster in obese 
mice during the Ist hour after injection of the glycine than in the controls. 
Cumulative excretion of the CQO: in the obese and control mice becomes 
nearly identical after the 1st few hours, although the peak rate difference 
is about 20 per cent. The direction of change is consistent with the 
conclusion that the obese mice are producing active acetate for the syn- 
thesis of fat from any available food sources. In the control mice, less of 
the glycine would be degraded to this fat precursor, so that less activity 
would appear in metabolic pools where it could be quickly oxidized to COs». 


SUMMARY 


The oxidation of acetate-2-C™, glucose-C,", and glycine-2-C"™ to C'QO, 
was studied in the hereditary obesity syndrome of mice. Both the rate 
and the cumulative excretion of C“O. from acetate were depressed in the 
obese mice as compared to the controls. Glucose metabolism was not 
changed appreciably except in the obese males that showed a mild diabetic 
type pattern. Glycine oxidative metabolism was not particularly altered 
in the obese mice. 
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ROLE OF CARBOHYDRATE METABOLISM IN) PROMOTING 
FATTY ACID OXIDATION* 


By J. MASORO J. M. 


(From the Department of Physiology, Tufts University School of Medicine, 
Boston, Massachusetts) 


(Received for publication, October 1, 1957) 


That the oxidation of fats is strongly influenced by the concomitant 
metabolism of carbohydrate has long been recognized, although the exact 
mechanism remains obscure. This interrelation has often been expressed 
as an aphorism, namely that ‘fats burn in the flame of the carbohydrates.” 
This phrase has been repeatedly evoked to explain the antiketogenic action 
of carbohydrate. Thus, the observations of Shaffer (1, 2) and Deuel and 
his collaborators (3) indicated that the complete oxidation of fatty acids 
via the ketone bodies was facilitated by the concurrent oxidation of carbo- 
hydrate. On the other hand, work with isotopes (4-6) has shown that 
carbohydrate metabolism can exert a sparing action on fatty acid oxida- 
tion by restricting the formation of a 2-carbon fragment from this source. 
From this work the inference is currently made that the antiketogenic 
action of carbohydrate is not due to a facilitation of the oxidation of ke- 
tones, but that carbohydrate exerts a limitation on their production. 

Another relationship between carbohydrate metabolism and fatty acid 
oxidation has been indicated by recent mitochondrial studies (7,8). These 
investigations have shown that the Krebs cycle intermediates have a 
“sparking” action on fatty acid oxidation by (1) giving rise to adenosine 
triphosphate and (2) furnishing an acetyl acceptor in the form of oxal- 
acetate. Weinhouse ef al. (9) have found that, in some of their experi- 
ments with liver slices, carbohydrate increases the rate of fatty acid oxi- 
dation. They attributed this stimulation to the now commonly held 
assumption that the role of carbohydrate in furthering the complete oxida- 
tion of the fatty acids is due primarily to the fact that oxalacetate is a 
product of its metabolism. 

Recently the effects of carbohydrate on hepatic acetate metabolism 
have been studied in this laboratory (10, 11). Liver slices having a 
remarkably low glycogen content were prepared from rats that were fasted 


* This work was accomplished under Contract Air Force 41(657)-145 monitored 
by the Alaskan Air Command, Arctic Aeromedical Laboratory, and with the aid of 
Research Grant RG4989, Public Health Service. 

A preliminary report of this work has appeared as an abstract (Federation Proc., 
16, 85 (1957)). 
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for 24 hours while being exposed to an environmental temperature of 
0-2° (cold-fasted rats). These carbohydrate-depleted liver slices have a 
greatly impaired ability to convert acetate-1-C™ to C“O,.. This depres- 
sion in acetate oxidation can be effectively reversed by the addition of 
glucose or pyruvate to the medium. Thus, an important link between 
carbohydrate metabolism and the fate of the 2-carbon fragment was sug- 
gested. 

In the experiments reported in the present communication, the effect 
of carbohydrates on the oxidation by liver slices of various fatty acids 
has been studied. The resulting evidence indicates that, while carbo- 
hydrate metabolism appears to be necessary for an optimal rate of fatty 
acid oxidation, this apparently is not a function of the “sparking” action 
of oxalacetate or other Krebs cycle intermediates. 


EXPERIMENTAL 


Adult male rats of the Wistar strain were fed ad libitum for 10 days a 
diet composed of 25 gm. of casein, 10 gm. of fat, 51 gm. of dextrose, 3 
gm. of salt mixture (12), 5 gm. of cellulose, 6 gm. of brewers’ yeast, 0.04 
gm. of cod liver oil concentrate, and 0.01 gm. of a-tocopherol. After the 
period of dietary stabilization, the rats were either fed the same diet ad 
libitum at room temperature (control rats) or fasted at 0-2° for 24 hours 
(cold-fasted rats). 

Following the respective dietary and environmental treatments, the 
rats were killed by a blow on the head, and the livers were rapidly excised 
and placed in ice-cold Krebs-Henseleit bicarbonate buffer solution (13). 
Liver slices were prepared by a McelIlwain-Buddle tissue chopper (14). 
The slices were collected in a Petri dish containing ice-cold buffer. They 
were then blotted free of excess solution on a filter paper, and aliquots 
of approximately 250 mg. of tissue were weighed and transferred to incuba- 
tion flasks (15). All incubations were carried out in duplicate. 

The main compartment of the incubation flasks contained 250 mg. of 
slices, 4.5 ml. of Krebs-Henseleit bicarbonate buffer, and 0.5 ml. of the 
solution containing the labeled substrate. All labeled fatty acids of 10 
carbon length or less were added to the medium as the sodium salt, each 
flask containing 5 uwmoles of the labeled fatty acids. 

All fatty acids with carbon lengths greater than 10 were added in the 
form of an albumin-fatty acid complex prepared by the method of Felts 
(16).!. Each incubation flask contained 1.3 umoles of the fatty acid as a 


1 This method consists of adding the sodium salt of a labeled fatty acid to a neu- 
tral solution of albumin (crystalline bovine serum albumin, Armour). An immediate 
complex is formed which may be used with incubation media in the presence of Ca** 
and Mg*t+. By this method 6 moles of fatty acid per mole of albumin may form a 
complex at physiological pH. 
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complex with albumin. The slices were incubated for 3 hours at 37.5° 
with continuous shaking. 

The C™O, formed during the incubation was recovered by the method 
of Chernick et al. (17), and the C'™ content was determined by a liquid 
assay method consisting of counting a 1 ml. aqueous C™ sample with a 
Nuclear-Chicago D-47 end window tube in a high humidity chamber. 

The C™ content of the labeled fatty acids used in the experiment was 
determined by the liquid counting method. 

The fatty acid content of the liver of control rats and cold-fasted rats 
was studied in a separate group of animals under the same experimental 
conditions. The fatty acid content of the liver was determined by the 
method of Masoro et al. (18). 

The O, consumption of liver slices was measured in another group of 
animals. The traditional Warburg manometric techniques were employed, 
and the slices were incubated in phosphate buffer with no added substrate. 


Results 


The results of studies on the metabolism of short chain fatty acids by 
liver slices prepared from control rats and cold-fasted rats are recorded in 
Table 1. It should be emphasized that the livers from control rats contain 
3 to 6 per cent glycogen, while those from cold-fasted rats contain only 
0.2 per cent (10, 11). The ability of liver slices from cold-fasted rats to 
convert butyrate-1-C™, pentanoate-1-C™, hexanoate-1-C™, heptanoate- 
1-C'4, and octanoate-1-C™ to CQO, is far below that of slices from control 
rats; the depression is of the same order of magnitude as that found in 
the case of the acetate-1-C™ (10, 11). The production of C™“O, from 
decanoate-1-C'* was less in livers from cold-fasted rats than in livers 
from control rats, but the depression was quantitatively less severe. 
There was no difference at all in the ability of liver slices from the two 
types of animals to convert propionate-1-C' to COs. 

The addition of unlabeled glucose (0.02 M concentration) to the incuba- 
tion medium had little or no effect on the C“QO, yield from the short chain 
fatty acid studied in the case of liver slices from control rats. It appears 
that carbohydrate has little or no sparing action on these acids in normal 
liver tissue. 

By way of contrast, the addition of glucose to the incubation medium 
did affect the C“O, production from short chain fatty acids in liver slices 
from cold-fasted rats. In the case of each fatty acid studied the addition 
of glucose to the medium increased the CQO, yield; however, the extent 
of stimulation was far less than that found in the case of acetate (10, 11). 

The question arose as to whether the changes in hepatic fatty acid oxida- 
tion resulting from cold exposure and fasting were merely a reflection of a 
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lower total metabolism in this condition. The Os consumption of control 
and cold-fasted liver was measured and found to be nearly identical when 
expressed in terms of oxygen consumed per gm. wet weight of tissue. 

Data on the metabolism of long chain fatty acids by liver slices from 
control and cold-fasted rats are recorded in Table II. Liver slices from 
cold-fasted rats produced about as much CQO, from these acids as liver 
slices from control rats. 


TABLE I 
Effect of Glucose on Oxidation of Short Chain Fatty Acids by Rat Liver Slices 


Control rats | Cold-fasted rats 
| C™ converted to converted to C40, 
rats | Substrate’ without added| With 0.02 | rats} without | With 0.02 
glucose |etucose added added glucose glucose added 
| per cent | per cent per cent per cent 
7 | Propionate- 71 + Propionate- 74 + 1.0. 
1-C™ | | | | 
4 | Butyrate- 46 + 2.2 (4441.7) 4 | Butyrate- (23 40.9 32 + 3.0 
| | | 1-C' | | 
4 | Pentanoate- 4743.5 49 44.0 4  Pentanoate- 27 + 2.1 40 + 1.8 
| | 
4 | Hexanoate- 38 + 0.7 39 + 1.0 4  Hexanoate- 19 + 1.6 24 + 4.4 
| | | | | 
4  Heptanoate- 36 + 1.1 3641.3 4  Heptanoate- 19 + 3.0 28 + 0.5 
1-C™ | | 1-C™ | 
4 Octanoate- 41.7 3441.3 4 Octanoate- 18 + 0.9 22 + 2.1 
4 | Decanoate- |23 + 2.5 2442.9 4  Decanoate- |16 + 2.5 21 + 2.8 
1-C™ | | 1-C'4 | 
i 


* Each incubation flask contained 5 wmoles of the carboxyl-labeled fatty acid. 
t Standard deviation of the mean. 


However, the addition of glucose to the medium revealed a marked 
difference between the metabolism of these fatty acids by slices from con- 
trol rats and those from cold-fasted rats. The addition of glucose to liver 
slices from control rats had little effect on the CO, yield from lauric 
acid-1-C'4 and myristic acid-1-C™, but definitely depressed CO, produc- 
tion from palmitic acid-1-C™, stearic acid-1-C™, and oleic acid-1-C™. 
Apparently, the sparing action of carbohydrate metabolism on fatty 
acid oxidation involves only 16-carbon acids or longer. 

By way of contrast, the addition of glucose to the medium of the glycogen- 
deficient, cold-fasted liver slices markedly stimulated CO, production 
in the case of each of these fatty acids. The stimulation found in the case 
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of stearic and oleic acids was of the same order of magnitude as that 
previously found for acetate (10, 11). 

Incidentally, there is no reason to believe that the stimulation by carbo- 
hydrate of CO, production from long chain fatty acids in the cold-fasted 
livers is due to the fact that the level of fatty acid catabolism is low in 
these livers as compared with that in the livers of the controls. On the 
contrary, the C“O, production from these fatty acids is about the same 
in the two cases. Since the fatty acid content of the cold-fasted livers 


TaBLe II 
Effect of Glucose on Oxidation of Long Chain Fatty Acids by Rat Liver Slices 


Control rats | Cold-fasted rats 

| C™ converted to | | C™ converted to 

| substrate* Without With 0.02 substrate’ = Without | With 0.02 

| added glucose added glucose 
glucose added | glucose added 
| per cent per cent | percent =| peer cent 

4 Laurie 14 + 0.6413 + 0.6 4 Laurie +0916 +1.2 
acid-1-C¥ | acid-1-C™ | 

4 Myristic 144 +405 13 +1.0| 4 Myristic 11 41.0 17 +0.9 
acid-1-C¥ | acid-1-C | 

6 Palmitie | 7.0 + 0.47, 5.2 + 0.53 6 Palmitic 6.1 + 0.61 9.2 + 1.29 
acid-1-C | | aeid-1-C' 

6 Stearic: | 5.2 + 1.61 4.7 + 1.60 6 Stearic (4.7 1.24 8.8 + 2.03 
aeid-1-C™ | acid-1-C'™ 

4 Oleic 6.1 + 0.69 4.5 + 0.36 4 Oleic 5.6 + 1.5213.0 + 2.01 
| acid-1-C' | acid-1-C'* | 


—_— - 


* Each incubation flask contained 1.3 wmoles of the labeled fatty acid as a complex 
with albumin. 
t Standard deviation of the mean. 


is considerably higher than that of the livers of the controls (Table IID), 
the factor of pool dilution makes it appear that the absolute rate of long 
chain fatty acid oxidation may actually be higher in the cold-fasted slices. 

Does glucose stimulate fatty acid oxidation in the liver slice of the cold- 
fasted rat because it furnishes oxalacetate (“‘sparking”’ action) or is some 
other mechanism involved? It was felt that an answer to this might be 
obtained by measuring the relative efficiency of glycolytic intermediates 
and the Krebs cycle intermediates in stimulating fatty acid oxidation. 
However, it is desirable to know the relative rates at which these com- 
pounds are traversing the Krebs cycle. This was determined by measur- 
ing the C“O. production from succinate-1-C™ and lactate-2-C™ in liver 
slices from cold-fasted rats, since on their way to CO, both succinate-1-C" 
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TaBLeE III 
Liver Weight and Fatty Acid Content 


No. of rats Physiological state | Wet weight of liver | Fatty acid content of liver 


per cent body weight per cent wet weight of liver 
3 Control 3.8 + 0.19* 2.9 + 0.15 
5 Cold-fasted 2.9 + 0.07 5.0 + 0.34 


* Standard deviation of the mean. 


IV 
Oxidation of Succinate-1-C'* and Lactate-2-C™ by Liver Slices from Cold-Fasted Rats 
Labeled substrate® 
| converted to 
Compound Concentration 
x per cent 
Succinate-1-C™.............. 4 15.5 + 0.63t 
4 14.1 + 0.29 
20 6.6 + 0.13 


* The succinate concentration study involved four experiments. For each ex- 
periment liver slices from one rat were used for the concentration study. The lac- 
tate concentration study involved a different group of four rats but was carried out 
in a similar fashion. 

+t Standard deviation of the mean. 


TaBLe V 


Effects of Unlabeled Succinate and Lactate on Acetate-1-C'* Oxidation in 
Liver Slices from Cold-Fasted Rats 


Unlabeled substrate*® 
 Acetate-1-C'"f converted to C™O; 
Compound Concentration 
x 107% per cont 
SET 0 26 + 1.7} 
20 27 + 1.5 
Lactate......... 0 21 + 1.8 
4 29 + 3.1 
es 10 32 + 1.5 
*s 20 | 35 + 2.0 


-_— 


| 
| 
| 
| 


* See foot note to Table IV. 
t Each incubation flask contained 5 wmoles of sodium acetate-1-C". 
t Standard deviation of the mean. 
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and lactate-2-C™ form primarily carboxyl-labeled oxalacetate. Thus, 
a comparison of the per cent C“O, formed from each substrate at any 
given molarity should give us a relative measure of the number of mole- 
cules of each passing through the Krebs cycle. Table IV contains the 
results of such a study. It is apparent that at comparable molarities the 
C4O, yield is nearly identical for sueccinate-1-C™ and lactate-2-C". We 
can, therefore, conclude that these compounds are traversing the Krebs 
cycle at approximately the same rate at each concentration. 

The effects of unlabeled succinate and lactate on acetate-1-C™ oxidation 
in liver slices from cold-fasted rats were then studied. It is evident (Table 


Tasie VI 


Effects of Unlabeled Succinate and Lactate on Palmitate-1-C™ Oxidation in 
Liver Slices from Cold- F asted Rats 


Unlabeled substrate* | 
| Concentration 
| x 103 w | per cent 
Succinate 0 | 11.1 + 0.97} 
4 11.4 + 1.08 
“ J 10 10.6 + 1.00 
| 20 10.2 + 0.21 
0 10.8 + 1.09 
4 | 13.9 + 1.98 
10 | 16.0 + 1.97 


* See footnote in Table IV. 
t Each incubation flask contained 1.3 wmoles of palmitic acid-1-C™ as a complex 


with albumin. 
t Standard deviation of the mean. 


V) that lactate promotes acetate oxidation at each lactate concentration 
studied, while succinate fails to do so at any concentration. 

The effects of these two compounds were also tested on palmitic acid-1-C™ 
oxidation in cold-fasted liver slices. These results are recorded in Table 
VI. It is clear that the stimulating effect of lactate and the complete 
absence of stimulation by succinate are as true in the case of palmitate 
as in the case of acetate. 


DISCUSSION 


The addition of glucose to the incubation medium promoted CO, 
production in glycogen-deficient liver slices in the case of all fatty acids 
studied. These results strongly imply that some aspect of carbohydrate 
metabolism is linked with fatty acid oxidation and must be necessary for 
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an optimal rate of fatty acid catabolism. It would be reasonable to suspect 
that in the glycogen-deficient liver cell there is insufficient oxalacetate. 
Thus, carbohydrates and carbohydrate intermediates could act on fatty 
acid oxidation by supplying oxalacetate for the well established “sparking” 
action of this compound on fatty acid oxidation (7, 8). However, the 
evidence presented in this report renders it unlikely that the action of 
carbohydrate and carbohydrate intermediates in promoting fatty acid 
oxidation in glycogen-deficient liver slices of cold-fasted rats is mediated 
in this way. Rather, the evidence that lactate stimulates fatty acid 
oxidation while succinate fails to in cold-fasted livers strongly indicates 
that carbohydrates and carbohydrate intermediates are exerting their 
effect by some extra-Krebs cycle mechanism. 

The above findings with lactate and succinate bear further discussion. 
Lactate can produce a net yield of oxalacetate only via the carboxylation 
of pyruvate; however, it is generally assumed that quantitatively the 
most important pathway of entry of pyruvate into the Krebs cycle is by 
way of oxidative decarboxylation to acetyl groups. On the other hand, 
all of the succinate entering the Krebs cycle is capable of causing net 
oxalacetate formation. Therefore, an identical C“O, production from 
lactate-2-C™ and succinate-1-C™, when each is present in the medium at 
the same concentration, indicates that succinate is furnishing a considerably 
greater net yield of oxalacetate than lactate. Furthermore, when it is 
considered that, even at concentrations 5 times that of an effective lactate 
concentration, succinate fails to promote fatty acid oxidation in the cold- 
fasted liver, it must be concluded that lactate stimulates fatty acid catab- 
olism by a mechanism other than that of serving as a source of oxal- 
acetate. 

It might be argued further that succinate failed to augment the C™O, 
vields from fatty acids because it caused a heavy dilution of the isotope 
in the enlarged Krebs cycle pools. This seems to be a remote objection 
because in an earlier study (11) it was found that 4 K 10°? m succinate 
(a considerably higher concentration than that used in the present study) 
caused only a 20 per cent reduction in CO, yield from acetate-1-C" 
in liver slices from normal well fed rats. 

Our findings confirm the fact, observed by Lossow and Chaikoff (6), 
that carbohydrate spares long chain fatty acid oxidation in liver slices 
containing normal quantities of glycogen, though, as stated above, we 
could not find evidence of such sparing in acids shorter than palmitic. 

From the above evidence it is clear that a certain minimal amount of 
carbohydrate metabolism is needed to promote optimal oxidation of fatty 
acids; this action is mediated by a metabolic mechanism that does not 
involve the Krebs cycle. Yet, in livers from animals containing an abun- 
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dance of carbohydrate, not only does glucose fail to augment fatty acid 
oxidation, but rather in the case of long chain fatty acids the sparing action 
of carbohydrate on fat metabolism dominates. 


SUMMARY 


The oxidation of butyrate-1-C™, pentanoate-1-C™, hexanoate-1-C", 
heptanoate-1-C™, octanoate-1-C'™, and decanoate-1-C'™ was studied in 
liver slices prepared from (1) control rats having a normal liver glycogen 
level and (2) cold-fasted rats that had a remarkably lowered liver glycogen. 
In all experiments with liver slices from cold-fasted rats a depression was 
noted in the oxidation of these fatty acids which could be restored toward 
control values by the addition of glucose to the incubation medium. 
Addition of glucose to the control slices had no detectable effect. 

The oxidation of long chain fatty acids, 7.e. laurate-1-C™, myristate-1-C", 
palmitate-1-C™, stearate-1-C™, and oleate-1-C™, was essentially not de- 
pressed when incubated with liver slices from cold-fasted rats. In every 
case the addition of glucose to the incubation medium resulted in a marked 
stimulation of oxidation, particularly of Cy and Cys acids. By way of 
contrast, addition of glucose to the control slices showed a marked sparing 
action in the oxidation of Cy and Cy acids. 

In an attempt to localize the site of action of glucose in stimulating 
fatty acid oxidation in the glycogen-deficient livers, the effects of added 
lactate and succinate were studied on acetate-1-C™ and palmitate-1-C™ 
metabolism. Both succinate and lactate were found to traverse the Krebs 
cycle at approximately the same rate. Lactate was found to be effective 
in stimulating fatty acid oxidation at all concentrations; however, succinate 
was not effective at any concentration studied. 

The conclusion is drawn that, for an optimal oxidation of fatty acids, a 
phase of carbohydrate metabolism is essential. Apparently this effect does 
not involve the “sparking” action of the Krebs cycle intermediates. 
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ENZYMATIC DECARBAMYLATION OF CARBAMYL 6-ALANINE 
AND CARBAMYL 8-AMINOISOBUTYRIC ACID* 


By JOSEFINA CARAVACA SANTIAGO GRISOLIAT 


(From the McIlvain Laboratories, Department of Medicine, University of Kansas 
Medical Center, Kansas City, Kansas) 


(Received for publication, October 14, 1957) 


The investigations of Fink et al. (1), which indicated a pathway for py- 
rimidine metabolism involving carbamyl amino acids, have been extended 
by Fink et al. (2, 3) and others, the work of Canellakis (4) being particularly 
noteworthy in demonstrating the triphosphopyridine nucleotide require- 
ment of rat liver preparations in the stepwise degradation of pyrimidines. 
In recent studies we have demonstrated (5, 6), with partially purified prep- 
arations, the interconversion of pyrimidines and hydropyrimidines and of 
hydropyrimidines and carbamyl amino acids. The enzymes which cata- 
lyze these reactions, Reactions 1 and 2, have been purified from mammalian 
liver. We also reported previously (7) the existence of an enzyme in 
animal tissues able to decarbamylate carbamy] 8-alanine, Reaction 3. 


(1) Uracil = hydrouracil 
(2) Hydrouracil carbamy! 8-alanine 
(3) Carbamy! 8-alanine — CO, + NH; + 8-alanine 


Recently, similar reactions and the purification of the enzyme able to 
catalyze Reaction 1 have been reported in bacteria (8, 9). The bacterial 
enzyme Which catalyzes Reaction 1 is, however, diphosphopyridine nucleo- 
tide-dependent (9) in contrast to the mammalian enzyme (4, 5). 

This paper presents some of the kinetic properties of a partially purified 
enzyme able to decarbamylate carbamyl @-alanine to B-alanine, COs, and 
NH;. The specificity and the lack of effect of metals on the enzyme indi- 
cate that it is not related to the “ureidosuccinase” of Lieberman and Korn- 
berg (10) or to the “‘citrullinase” reaction (11, 12). In addition, data on 
the distribution of the enzyme in several species and organs are included. 
Combination of Reactions 1, 2, and 3 provides a possible pathway for the 
production of 8-alanine in animal tissues (7, 13) and this is discussed fur- 
ther below in relation to the origin of carbamyl 8-alanine in animal tissues 
(5-7, 13). 

* Supported by grant No. H-1925, National Institutes of Health. 

t Established Investigator of the American Heart Association. 
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Methods and Materials 


The substrates and the method of analysis of carbamyl amino acids have 
been described previously (6). Protein was measured by the method of 
Mokrasch ef al. (14). Manometric assays were carried out under standard 
conditions with the Warburg technique. NH, and 8-alanine were meas. 
ured by the ninhydrin reaction as described by Moore and Stein (15). 

6-Alanine was identified by paper chromatography by use of Whatman 
No. 1 paper and a phenol-citrate-phosphate system (16). The quantitative 
measurement of 6-alanine in the paper was carried out with the Spinco 
analytrol model RA. 

Definition of Unit and Specific Activity—1 enzyme unit is defined as the 
amount of enzyme which decomposes | ymole of carbamyl] 8-alanine in 
60 minutes at 38° and pH 7. The specific activity is defined as the ratio 
of enzyme units to mg. of protein. 

Standard Assay—Unless otherwise specified, all incubations were carried 
out at 38° in a 2 ml. volume containing 300 uwmoles of tris(hydroxymethyl)- 
aminomethane (Tris) buffer, pH 7, 20 uwmoles of carbamy! 8-alanine, and 
enzyme. 

Routinely, the incubations were stopped with 2 ml. of 0.5 ‘ perchloric 
acid, followed by centrifugation. Aliquots of the supernatant fluid were 
brought to pH 5 with 4 ~N NaOH and assayed with the ninhydrin reagent 
(15). (The combination of NH; and 8-alanine is additive under the con- 
ditions of the assay and analysis, and the chromogenicity is about 8 times 
higher for NH; than for 8-alanine.) All results are expressed as micromoles 
of NH; liberated during the reaction. Since the Moore and Stein ninhy- 
drin method is markedly influenced by salts (15), the ammonia standards 
were mixed with the components of the incubation mixtures and were 
subjected to all of the manipulations, along with the experimental tubes. 


EXPERIMENTAL 


Distribution of Enzyme—The enzyme seems to be localized mainly in 
the liver of the species studied, as shown in Table I. Rat liver was chosen 
as the source for purification of the enzyme, which is present entirely in the 
supernatant fluids of KCI and sucrose homogenates. 

Enzyme Purification—The procedure described here should be carried 
out as fast as possible in a single day since the enzyme is unstable; how- 
ever, after the second acetone fractionation the enzyme is stable for over 
3 weeks when frozen and kept at —20°. At this stage the enzyme can 
also be lyophilized and kept for longer periods without loss of activity. 

All centrifugations and manipulations were carried out at 0° and at 
4000 X g for 15 minutes until the acid treatment. Subsequently the cen- 
trifugation period was 10 minutes. Solvents were measured and added 
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at O°, and the rate of addition was adjusted so that the temperature did 
not rise above 5° during addition. 

In a typical preparation some 100 gm. of fresh rat liver were ground in a 
commercial grater in order to get rid of the bulk of connective tissue and to 
facilitate homogenization. This was carried out with an equal volume of 


TaBLe I 
Distribution of Enzyme 


Tissue | Specific activity Tissue Specific activity 
Rat liver 0.09 Pigeon liver. __. 0.084 
* heart 0.0 Dog liver. 0.074 
kidney 0.0 Rabbit liver. _. 0.085 
* brain 0.0 “ brain. | 0.0 
muscle 0.0 | 


In all eases, 1:8 (w/v) homogenates in isotonic KCl were centrifuged and 1 ml. of 
the supernatant fluid was tested for activity under the standard conditions deseribed 
in the text, with earbamyl 8-alanine as substrate. 


Tasre Il 
Purification of Enzyme* 
Fractions | | | | Protein  Vield 
mi | mg. per ml. per cent 
Crude extract 700 1.86 1302 20.5 0.09 100 
Ist acetone fraction 135 8.30 1120 8.3 1.00 
Acid-treated fractiont........ | 139 | 5.52| 768 | 4.6 | 1.20 | 55 
2nd acetone fraction (15-30%) 928 | 11.98 332 5.0 2.36 | 25.5 
2nd acetone fraction (30-35%) 28 5.72 160 3.1 1.84 | 12.2 


The conditions for assay were as described in the text. 

* Similar purification has been achieved by essentially the same procedure with 
pigeon, dog, and rabbit liver. 

t Although little increase in specific activity is obtained by the acid treatment, 
this treatment is necessary in order to achieve further purification in the enzyme 
fractionation. 


isotonic KCI in a large size Potter-Elvehjem homogenizer, to be deseribed.' 
The 50 per cent homogenate was then diluted four times and centrifuged. 
The supernatant fluid, crude fraction (see Table II), contains the enzyme 
activity. 

First Acetone Fractionation— The crude fraction was fractionated by the 
addition, to each 100 ml., of 42.5 ml. of acetone, the precipitate formed 


' Hospelhorn, V. D., Caravaca, J., and Grisolia, 8., to be published. 
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being discarded after centrifugation. The enzyme was precipitated from 
the supernatant fluid by adding 24 ml. of acetone for each 100 ml. of the 
original crude fraction. The 30 to 40 per cent acetone fraction was taken 
up in water to a volume of approximately 0.2 of the volume of the crude 
fraction. Any insoluble protein was centrifuged and discarded and the 
supernatant fluid was then adjusted to a protein concentration of 8 + | 
mg. per ml. to give the first acetone fraction (see Table II). 

Acid Treatment—Cold, 0.1 N acetic acid was stirred in well (about 0.2 
mil. of acid per ml. of the first acetone fraction) to bring the pH of the sam- 
ple to 4.8 (measured at about 5°). The precipitate formed was centrifuged 
and discarded and the supernatant fluid was acidified to pH 4.4 with 0.1 
N acetic acid (approximately 0.02 ml. of acid per ml. of the first acetone 
fraction), and the precipitate formed was again removed by centrifugation 
and discarded. The supernatant fluid was then brought to pH 6.5 with 
0.1 N NaHCO, (approximately 0.38 ml. per ml. of the first acetone fraction) 
and the precipitate removed by centrifugation to give the acid-treated 
fraction (see Table II). 

Second Acetone Fractionation—O.19 mil. of acetone (0°) was added to 
each ml. of the acid-treated fraction and the precipitate formed was dis- 
carded after centrifugation. Upon the further addition of 0.24 ml. of 
acetone per ml. of the starting acid-treated fraction to the supernatant 
fluid, the bulk of the enzyme was precipitated in nearly every case. An- 
other fraction (30 to 35 per cent) was collected by adding 0.1 ml. of acetone 
per ml. of the original acid-treated fraction. 

The precipitates were taken up in water to 0.2 of the original volume of 
the acid-treated fraction and freed from all insoluble material by centrifu- 
gation. Occasionally the second fraction contained the bulk of the en- 
zymatic activity. 

The enzyme appears to be amenable to further fractionation by phos- 
phate gel absorption and (NH,)SO, fractionation at pH 7. How- 
ever, these steps have not been studied in detail. 

I dentification—Evidence for the reaction was obtained by measuring the 
disappearance of carbamyl] 8-alanine as well as by measuring the appear- 
ance of NH;, COs, and #-alanine by colorimetric, manometric, isotopic, 
and chromatographic methods. Data for these experiments are given in 
Table III, which shows the stoichiometry for carbamyl] 8-alanine utiliza- 
tion, and CO», NHs, and 8-alanine formation. 

Effect of Incubation Time and Enzyme Concentration—Under the condi- 
tions shown in Figs. 1 and 2, the rate of conversion of carbamyl] 8-alanine 
to B-alanine, CO., and NH; is linear for 2 hours and for a 10-fold range of 
enzyme concentration. 

Specificity—An extensive study of the specificity of the enzyme has not 
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been carried out as yet. Some data on specificity are shown in Table IV. 
No requirements for divalent ions such as Mg** and Mn** have been 
found. The lack of effect of Mg** has been also reported by Canellakis 
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Fic. 1. The effect of time upon decarbamylation of carbamy! 8-alanine. The 
conditions were as described in the text. 1.75 mg. of protein of specific activity 
2.0 were used. 


Tasce IIl 
Stoichiometry for Carbamyl B-Alanine Decomposition and CO,, NH, and 8-Alanine 
_ Production 
Experiment No. carbamy! 8-alanine nine) 4 COs a ANH; | A #-alanine 
| +7.0 | +6.8 
Rate | —17.1 | +16.1 +17.0 | +16.1 


The reaction mixtures contained, per ml., the following components expressed in 
micromoles: 100, Tris buffer, pH 7.0; 5, carbamyl 8-alanine (experiments | and 2); 
7, for Experiment 3 (C'*-labeled in the carbamy!] carbon; 0.05 ue. per umole); and 7.8, 
7.8, and 17.7 units of enzyme for Experiments 1, 2, and 3, respectively (specific activ- 
ity 2.36). Carbamy! 8-alanine was estimated colorimetrically (6) and CO, mano- 
metrically (the reaction was stopped with acid from the side arm, and corrected for 
blanks) for Experiment 1; in Experiment 3, CO, was estimated by measuring the 
radioactivity of the CO, (measured as BaCO,) trapped in KOH in the center well of 
the Warburg vessel. NH, was estim ted colorimetrically (15) and 8-alanine colori- 
metrically (15) on paper chromatograms (16) with the aid of the Spinco analytrol. 
Final volume for Experiments 1 and 2, 2 ml.; for Experiment 3, 3 ml. 


(4). This investigator reported also that phosphate and arsenate were 
inhibitors with his preparation. We have found no effect with phosphate 
or arsenate. 

Influence of Substrate Concentration and pH on Enzyme Activity—Vig. 3 
shows the effect of increasing concentration of substrates with carbamyl 
8-alanine and carbamyl 8-aminoisobutyrie acid. It is apparent that the 
affinity for the enzyme decreases in the order indicated. Under the ex- 


> 


362 ENZYMATIC DECARBAMYLATION 


perimental conditions of Fig. 3, it is seen also that at low substrate concen- 
tration the decarbamylation of carbamyl 8-alanine and carbamyl $-amino- 
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Fic. 2. The effect of enzyme concentration upon decarbamylation of carbamy! 
8-alanine. The conditions were as described in the text. The enzyme solution 
contained 3.10 mg. of protein per ml. and the specific activity was 1.53. 

Fic. 3. The effect of substrate concentration upon the rate of decarbamylation 
of carbamyl 8-alanine and carbamy]! 8-aminoisobutyric acid. The conditions were 
as described in the text except that the substrate was changed as indicated. Solid 
circles, carbamyl 6-alanine; solid triangles, carbamyl 8-aminoisobutyrie acid, as 
substrates. 2.75 mg. of protein of specific activity 2.16 were used. 


TaBLe IV 

Enzymatic Decarbamylation of Several Substances and Effect of Mg** and Mn** 
ompound NH; found Compound found 
pmoles pmole 
Carbamyl @-alanine................ 5.94 Carbamyl glycine.......... 0.0 
+ Mg*tt.........| 5.38 L-glutamie acid.) 0.0 
+ Mntt.........] 5.2% L-aspartic aaid.. 0.0 
8-aminoisobutyric acid...., 3.05 L-proline........ 0.0 

y-aminoisobutyrie acid..... 0.0 


The conditions for assay were as described in the text, except that 4 wmoles of 
citrulline were used. Citrulline was measured colorimetrically (6). When Mn** 
or Mg** was used, 10 umoles were used. 


isobutyric acid goes to completion. From these values and from similar 
concentration curves at lower enzyme concentrations, the Michaelis-Men- 
ten constants (A,,) were calculated graphically according to Lineweaver 
and Burk (17). The K,, values found were 5 X 10°‘ mM and 1 X 10° ™ 
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with carbamy!] 8-alanine and carbamy! 8-aminoisobutyric acid, respectively, 
as substrates. 

Effect of pH—The effect of pH upon the rate of conversion of carbamy] 
d-alanine and carbamyl 8-aminoisobutyric acid is shown in Fig. 4. The 
optimal pH appears to be 7 and 6.75 for carbamyl] 6-alanine and carbamy! 
3-aminoisobutyric acid, respectively. 

Effect of Temperature upon Rate—The Qo for the enzyme with carbamyl 
3-alanine as a substrate is 2.4 and 1.83 as measured from 22.4—30° and from 


30-38°. 


T 


l 


uM AMMONIA 
N 
' 
l 


pH 
Fic. 4. The effect of pH on the rate of conversion of carbamy]! 8-alanine and 
earbamyl 8-aminoisobutyric acid. The conditions were as described in the text, 
except that the Tris buffer, used from pH 7.0 to 9.2, was replaced by citrate-phos- 
phate for pH 5, and by phosphate for pH 6 to 6.5. Solid circles, carbamy! 8-alanine; 
solid triangles, carbamyl 8-aminoisobutyrie acid. 1.75 mg. of protein of specific 
activity 2.0 were used. 


DISCUSSION 


The partially purified enzyme described in this paper provides the last 
link for the stepwise degradation of pyrimidines via hydropyrimidines 
(5-7) to amino acids. 

It is reasonable to assume that, given the equilibrium measurements 
thus far obtained at physiological pH and the fact that the decarbamylation 
of carbamy] 6-alanine carried out by the partially purified enzyme is an 
irreversible reaction, this enzyme is related entirely to the degradation of 
pyrimidines in mammalian (1-7) as well as in bacterial species (8,9). That 
the partially purified enzyme is not related to the ureidosuccinase of Lieber- 
man and Kornberg (10) or to the citrullinase enzyme (11, 12) is apparent 
from the specificity data shown in Table IV and from the lack of require- 
ment for divalent ions. 

It is apparent that the enzyme described here provides, together with 
the additional enzymes of the hydropyrimidine pathway, the only known 
mechanism for biosynthesis of B-alanine in animal tissues. Whether or not 
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the formation of 8-alanine is dependent solely upon the availability of 
carbamyl] §-alanine via hydropyrimidines is doubtful, since we have pre. 
viously described an enzyme able to decarboxylate carbamyl aspartic acid 


to carbamyl §-alanine in pigeon liver preparations (13). Although the | 


quantitative significance of this enzyme has not been evaluated as yet, it 
is apparent that the sequence of reactions discussed here results in the 
transformation of aspartic acid into 6-alanine, as indicated by the scheme: 


Aspartate — carbamyl aspartate — pyrimidines 


Tl 


8-Alanine carbamy! B-alanine hydropyrimidines 


SUMMARY 


An enzyme catalyzing the decarbamylation of carbamyl -alanine and 
carbamyl 8-aminoisobutyric acid has been found to be present in the super- 
natant fluid of liver homogenates of rat, dog, pigeon, and rabbit. No 
evidence for the enzyme has been found in other tissues such as heart, 
kidney, muscle, and brain. 

The enzyme has been purified some 25-fold from the supernatant fluids 
of rat liver homogenates. Some of the kinetic properties and specificity 
data for the enzyme are presented. The possible relations of this enzyme 
to the mechanism of 8-alanine formation in animal tissues and to the in- 
terrelation of this enzyme with the enzymes of the hydropyrimidine path- 
way are discussed. 


Addendum—Since the submission of this paper it has been calculated from the 
data obtained with acetone fractions from well dialyzed phosphate buffer extracts 
of pigeon liver acetone powder that, assuming complete recovery of activity, 1 gm. 
of fresh tissue would catalyze the decarboxylation of 20 mumoles of carbamy! aspar- 
tate to carbamyl 8-alanine per hour. Also since submission of this paper, Kupiecki 
and Coon (18) have reported on another pathway leading to 8-alanine production 
from 8-hydroxypropionate in animal tissues. From their data we have calculated 
this pathway to be about ten times greater in rat kidney than the pigeon liver car- 
bamyl aspartate — carbamyl 8-alanine pathway. 
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THE ISOLATION AND CHARACTERIZATION OF GROWTH 
HORMONE FROM ANTERIOR LOBES 
OF WHALE PITUITARIES* 


By HAROLD PAPKOFF ann CHOH HAO LI 


(From the Hormone Research Laboratory and the Department of Biochemistry, 
University of California, Berkeley, California) : 


(Received for publication, October 27, 1957) ' 


Previous reports of the isolation of growth hormones (somatotropins) 
from beef, human, and monkey pituitary glands have been made (1-4). 
This communication describes the isolation and properties of growth hor- 
mone from another mammalian species, the whale. 


Isolation Procedure 


Starting Material—The anterior lobes used in these studies were obtained 
from mature humpback whales.' The average interval between the death 
of the animal and removal of the pituitary was about 20 hours. Once 
removed, the gland was frozen as rapidly as possible and stored at — 15° 
until used. The weights of the individual anterior lobes ranged from 6 to 
40 gm.; those from females tended to be heavier than those from males. 

Caleium Hydroxide Extraction and (NH 4)oSO, Fractionation—The pre- 
liminary steps employed in the purification of whale somatotropin were 
essentially the same as those previously described by one of us (5) for the 
bovine hormone. In a typical experiment, 178 gm. of frozen anterior 
lobes of whale pituitaries are ground and stirred for 3 hours at a tempera- 
ture of 0.5°, with 700 ml. of Ca(OH). solution of pH 10.0. The suspension 
is centrifuged, the supernatant fluid is saved, and the residue stirred for 
1 hour with 550 ml. of Ca(OH): solution. This suspension is again cen- 
trifuged, the residue discarded, and the supernatant fluid combined with 
that obtained in the previous step. An equal volume of saturated am- 
monium sulfate solution is now added and the pH of the mixture adjusted 
to7.0. The suspension is allowed to stand in the ice box for several hours 


* Taken from a dissertation submitted by H. Papkoff in partial satisfaction of 
requirements for a degree of Doctor of Philosophy, University of California, Berke- 
ley, 1957. 

' We are indebted to Professor H. 8S. Olcott, through whose efforts the whale pitui- 
taries were put at our disposal. In addition, we wish to acknowledge the coopera- 
tion of Mr. R. H. Gilmore, United States Fish and Wildlife Service, who personally 
excised the pituitaries at the Caito Brothers, the Western California Fish Company, 
San Francisco, California, and the Del Monte Fisheries, Point San Pablo, California. 
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to insure maximal precipitation and is then centrifuged. The resulting 
precipitate is dissolved in 800 ml. of distilled water and precipitated again 
with saturated ammonium sulfate solution as described above. The 
reprecipitation has been found to eliminate many of the pigments observed 
in the initial precipitate. The precipitate obtained in this manner is then 
suspended in 200 to 300 ml. of water and the suspension dialyzed against 
running tap water at 6-8° for 24 hours. The dialyzed solution is brought 
to 0.2 saturation with respect to ammonium sulfate by the addition of an 
appropriate volume of saturated ammonium sulfate solution, and the pH 
adjusted to 6.8. The heavy precipitate obtained at this point contains 
some growth hormone activity® and is saved for future fractionation. The 
supernatant fluid is next brought to 0.4 saturation by the addition of more 
saturated ammonium sulfate solution, and the precipitate formed is col- 
lected by centrifugation, dissolved in water, dialyzed against distilled water, 
and lyophilized. In this manner, 1.55 gm. of material are obtained from 
178 gm. (wet weight) of whale anterior pituitaries. 

Chromatography on Cation Exchange Resin Amberlite [RC-50—-Further 
purification of the fraction obtained according to the procedure described 
above is effected by means of the chromatographic technique previously 
described (3). The material (1.55 gm.) is extracted twice, first with 150 
ml. and then with 100 ml. of buffer of pH 5.1, and the clear supernatant 
fluid thus obtained is applied to a column 3 cm. in diameter, containing 
220 ml. of Amberlite IRC-50 resin (XE-97) equilibrated with the same 
buffer. After the protein solution is applied, the column is washed with 
the buffer until no more material appears in the eluate, as indicated by the 
optical density read at 275 my in a Beckman model DU _ spectrophotometer. 
The growth hormone activity was eluted with the buffer of pH 6.0. A 
typical chromatographic pattern may be seen in Fig. 1; the material from 
the active region (tubes 135 to 175) is precipitated by the addition of an 
equal volume of saturated ammonium sulfate solution. The resulting 
precipitate is dissolved in water, dialyzed against distilled water, and 
lyophilized. <A yield of 0.5 gm. was obtained. 


2 The clear supernatant fluid was brought to a concentration of 0.75 with respect 
to ammonium sulfate by the addition of solid (NH,4).S80,; the resulting precipitate 
was saved for future investigations. 

3 Growth hormone activity was assayed by means of the tibia test in female Long- 
evans rats hypophysectomized at 28 days of age and used 14 days postoperatively 
(6, 7). 

4 The composition of buffers used in the chromatography was as follows: (a) buffer, 
pH 5.1: 0.052 m NaHsPO,, 0.0025 m NasHPO,, and 0.45 m (NH4)2S0,4; (b) buffer, pH 
6.0: 0.18 M NaHe2PO,, 0.085 NasHPO,, and 0.45 M (NH4)2SO,. 

6 The resin was prewashed by the procedure described by Hirs et al. (8) before 


use. 
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Isoelectric and Ethanol Fractionation——The fraction (0.5 gm.) obtained 
from the IRC-50 column is dissolved in 100 ml. of cold (0-3°) distilled 
water, and the pH is adjusted to 3.0; a clear solution is obtained. The 
pH is then adjusted to 4.3 by the addition of 0.1 M NaOH. The precipi- 
tate that forms is removed by centrifugation, and the pH of the superna- 
tant fluid is adjusted to 4.8. Once again, the precipitate that forms is 


pH 5.1, 0.057 M Na’, 0.45 M(NH,), SQ, 


1.14 

03 0.2 M NoOH 

09: 
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N o7} 
200 250 
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50 100 200 
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0 25 50 75 100 
Tube Number 

Fic. 1. Upper. Chromatography on IRC-50 resin of 0.2 to 04 saturated (NH4):- 
SO, precipitate. 3.0 em. diameter column containing 220 ml. of resin; 1.05 gm. of 
protein in 250 ml. of buffer of pH 5.1 applied to the column; 15.5 ml. per tube col- 
lected. Lower. Chromatography on IRC-50 resin of purified whale somatotropin; 
0.9 em. diameter column containing 20 ml. of resin; 15 mg. of protein in 10 ml. of 
buffer of pH 5.1 applied to the column; the arrows indicate the same sequence of 
buffers as in the upper diagram; 3.0 ml. per tube collected. 


removed by centrifugation. The supernatant fluid is now adjusted to an 
ethanol concentration of 5 per cent (v/v) by the slow, dropwise addition of 
cold 40 per cent (v/v) ethanol to the cold supernatant fluid. The precipi- 
tate is removed by centrifugation, dissolved in distilled water, and lyophi- 
lized. More ethanol is added to the supernatant fluid to make a concen- 
tration of 20 per cent (v/v); the precipitate obtained is dissolved in distilled 
water and the solution lyophilized. Both ethanol precipitates are highly 
purified proteins possessing comparable growth hormone activities. In 
the experiments to be deseribed, the two fractions manifested identical 
behavior. The yield of these two precipitates amounted to 187 mg. 
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Table I summarizes the yield of fractions obtained from each step of the 
isolation procedure, and the data obtained when they were submitted to 
bioassay. It may be seen that 0.1 gm. of whale growth hormone was ob. 
tained from 100 gm. of anterior lobes of whale pituitary glands. 


EXPERIMENTAL 


Chromatography—The purified protein hormone was submitted to chro- 
matography on Amberlite IRC-50 resin under the same conditions as those 
employed in the chromatographic step of the isolation procedure. As 
shown in the lower chromatogram of Fig. 1, the hormone behaves as a 
homogeneous substance. When the peak was divided into three fractions 


TABLE I 
Yield and Activity of Whale Somatotropin Fractions 
Activity 
Fraction Amount 
Total | | Tibia width 
gm. mg. 
Starting material (anterior lobes)... 178 
0.2-0.4 saturated (NH4)2SO,4 ppt... 1.55 0.2 9 | 232 + 3f 
IRC-50 column chromatography, Tubes 
0.5 0.04 8 | 219+ 4 
0.92 0.04 | 12 | 229 +3 
et... 0.95 0.04 15 | 238 + 3 


* Total dose injected over a period of 4 days. 
7 Mean + standard error. 


and biological assay for growth-promoting activity was carried out accord- 
ing to the tibia test (6, 7), each fraction manifested identical biological 
potency. 

Electrophoresis—Electrophoresis was performed in a Spinco model H 
electrophoresis diffusion apparatus at 1°, with buffers of ionic strength 0.1 
and of pH ranging from 4.1 to 8.3. In every instance, the protein hormone 
behaved as a single substance; lig. 2 presents a typical electrophoretic 
pattern, which was obtained with a solution containing 4 mg. of protein 
per ml. in an acetate buffer of pH 4.0 and ionic strength 0.03. Electro- 
phoresis was performed with a potential gradient of 5.6 volts per cm. for 
10,680 seconds. 

Table II presents electrophoretic mobilities of the whale somatotropin 
in various buffers of ionic strength 0.1; from a plot of pH versus mobility, 
the isoelectric point can be located at pH 6.2, a value which was expected 
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from the observation that the point of minimal solubility of a salt-free 
solution of the protein hormone was in the vicinity of pH 6.2 to 6.4. 
Sedimentation—Sedimentation measurements were made in a Spinco 
model E ultracentrifuge at a speed of 59,780 r.p.m. and at temperatures 
of 22° + 2°. The solvent used was the borate buffer of pH 9.93 and ionic 
strength 0.2 employed by Li and Pedersen (9) for ultracentrifugal studies of 


— = 


Fic. 2. Electrophoretic patterns of whale somatotropin in an acetate buffer of 
pH 4.0 and ionic strength 0.03; pictures taken after 10,680 seconds of electrophoresis 
with a potential gradient of 5.6 volts per cm.; the upper pattern represents the as- 
cending boundary, and the lower the descending boundary. 


TaBLeE II 
Electrophoretic Mobilities of Whale Growth Hormone in Buffers of Ionic Strength 0.1 


Mobility (X 105 cm.? 


pH Buffer per sec. per volt) 
4.1 Acetic acid-NaOH +4.16 
5.0 = +2.26 
5.7 +0.80 
7.1 Cacodylic acid-NaOH —0.99 
7.3 Tris (hydroxymethyl) aminomethane-HCl —1.75 
8.3 Borie acid-NaOH —2.91 


+, migration to cathode; —, migration to anode. 


bovine somatotropin. In each instance, only a single, symmetrical sedi- 
menting boundary was observed, indicating a high degree of homogeneity. 
A typical series of patterns may be seen in Fig. 3. The sedimentation rate 
(899) determined at various concentrations is shown in Table III. Analysis 
of the data by the method of least squares yielded the following equation: 
899 = 2.84 + 0.084 C, where C is the concentration in gm. per 100 ml. of 
solvent. Thus, at zero concentration, the sedimentation constant is 2.84 
8. 

Diffusion—Diffusion experiments were carried out at 1° in a Spinco model 
H electrophoresis diffusion apparatus with an 11 ml. cell; the boundary 
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was sharpened by the technique of Kahn and Polson (10). The proteip 
was dialyzed against the buffer before establishment of the diffusion bound. 
ary; the buffer was the same as that used for the sedimentation experi. 
ments; namely, borate buffer of pH 9.93 and ionic strength 0.2. Diffusion 
coefficients (Doo..) were calculated by the maximal ordinate-area method 
(11). The hormone preparation was used in two different concentrations, 
0.3 and 0.2 per cent. For 0.3 per cent, a diffusion coefficient of 6.81 x 


Fic. 3. Schlieren patterns of whale somatotropin obtained in the ultracentrifuge 
at 59,780 r.p.m. and 20°; 15.7 mg. of protein per ml. of solvent, borate buffer of pH 
9.93; sedimentation from right to left; the pictures were taken 45, 61, 93, 109, and 
124 minutes after attainment of full speed; bar angle 65°. 


III 
Sedimentation* of Whale Growth Hormone at pil 9.93 


Concentration, gm. per 100 ml. S20 


2.00 
1.57 
1.00 


oosos 


* All runs were performed at 59,780 r.p.m. and at a temperature of 20-23°. 


10-7 cm.” per sec. was obtained, and for 0.2 per cent, 6.31 X 10-7 cm. per 
sec., giving an average value of 6.56 X 10-7 cm.? per sec. 

From the sedimentation and diffusion coefficients (seo = 2.84, and 
Deo.~w = 6.56 X 10-7), together with an assumed specific volume of 0.73 
ml. per gm., the molecular weight of whale somatotropin may be computed 
according to the Svedberg equation (12). A value of 39,000 was obtained. 

Tyrosine and Tryptophan Content—The ultraviolet absorption spectrum 
of whale somatotropin was examined in both acid and alkaline solutions in 
a Beckman model DU spectrophotometer. A solution containing 0.36 
mg. of protein per ml. was used for these determinations. In an acetate 
buffer of pH 4.0, a minimum was observed at 253 my and a maximum at 
278 mu. In 0.1 mM NaOH, the expected shift of spectra was observed, with 
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the minimum appearing at 272 my and a maximum at 289 mz. It may be 
ven in Fig. 4 that an isosbestic point is located at 277 mu, as would be 
expected for proteins containing tyrosine and tryptophan as the only ul- 
traviolet-absorbing moieties in this region (13). 

Tyrosine and tryptophan were determined quantitatively by the spec- 
trophotometric procedure of Goodwin and Morton (14); the results are 
aimmarized in Table IV. It can be seen that average values of 5.60 and 
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my 
Fic. 4. Ultraviolet absorption spectrum of whale somatotropin. Curve A, 0.56 
mg. of protein per ml. of acetate buffer of pH 4.0; Curve B, 0.36 mg. of protein per 
ml. of 0.1 Mm NaOH. 


1.32 per cent, respectively, were obtained when five different preparations 
of the whale hormone were analyzed for tyrosine and tryptophan. 
N-Terminal Residue—-The N-terminal residue of the hormone protein 
was identified by paper chromatography by the fluorodinitrobenzene 
method (15, 16) whereby a quantitative determination of the yield of the 
dinitrophenyl (DNP) derivatives of the amino acids in the acid hydroly- 
sates of DNP-somatotropin is obtained. Determinations were performed 
on two different preparations of whale growth hormone, and in each in- 
stance phenylalanine was found to be the sole N-terminal residue. As 
shown in Table V, DNP-phenylalanine occurs in an amount of nearly 1 
mole per mole of the whale hormone, on the basis of the assumption that 
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the whale hormone has a molecular weight of 40,000. It will be seen that 
this assumption is consistent with the molecular weight computed from 
molecular kinetic data. 


TaBLe IV 


Content of Tyrosine and Tryptophan in Whale Somatotropin As Determined 
Spectrophotometrically* 


Preparation No. Tyrosine Tryptophan 
1 5.82 1.40 
2 5.59 1.19 
3 5.63 1.42 
4 5.29 | 1.22 
5 | 5.66 | 1.36 
5.60 + 0.09t | 1.32 + 0.05t 


* According to the procedure of Goodwin and Morton (14). 
t Mean + standard error. 


Taste V 
N-Terminal Residues in Whale Somatotropin 


Preparation No. N-Terminal residue N-Terminal sesidue per mole of 
mole 
| Phenylalanine 0.77 
- 0.70 


— 


* Uncorrected for hydrolytic destruction and chromatographic losses. 


Taste VI 


Bioassay of Whale Somatotropin 


Total dose* No. of rats Tibia width 
20 | 5 | 220 + 4t 
60 5 | 250 + 2 
120 | 5 2609 + 4 


* Total dose injected over a period of 4 days. 
+t Mean + standard error. 


Biological Purity -The growth-promoting activity of whale somatotro- 
pin has been assayed by the tibia test (6,7). The results, summarized in 
Table VI, indicate a potency comparable to that of the bovine hormone 
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For example, a total dose of 0.02 mg. administered over a period of 4 days 
elicited an increment of the uncalcified cartilage of the tibia in hypophy- 
sectomized rats (operated upon at 28 days of age and injected 14 days 
postoperatively), amounting to 63 mw over the control. 

» When | mg. of whale somatotropin was injected intravenously into 
hypophysectomized rats for the estimation of corticotropin (ACTH) 
contamination by the procedure of Sayers et al. (17), no evidence of adrenal 
ascorbic acid-depleting activity was found.* The whale hormone has also 
been tested for thyrotropic (TSH) contamination. By the method of 
Bates and Cornfield (18), one preparation of whale somatotropin was shown 
to contain 0.07 unit of TSH per mg.’ Other studies at a total dose of 0.5 
mg. showed that the whale hormone is free from lactogenic, follicle-stim- 
ulating (SH), and interstitial-stimulating (ICSH) activities.* 


DISCUSSION 


The immensity of the whale is sufficient to stimulate searching questions 
regarding the animal’s basic biochemistry, physiology, endocrinology, and 
other facets of its life history. Surprisingly little is known about this 
mammal, perhaps in part owing to the difficulty in studying live specimens. 
With respect to pituitary research, the whale is an interesting animal in 
that it does not possess an intermediate lobe, and the anterior and posterior 
lobes are very distinctly separated. The anatomy of the whale pituitary 
has heen described by Vals6é (22) in 1934 and more extensively by Geiling 
(23) in 1935. In addition, observations on the hormonal content of whale 
pituitaries were presented by these investigators, who reported extensively 
on the occurrence of oxytocic and vasopressor activities in the posterior 
lobe of the whale pituitary (22-24). In the anterior lobe, Geiling (23) 
finds evidence for gonadotropic, lactogenic, adrenocorticotropic, and 
melanocyte-stimulating activities. This was confirmed by Valsé, who, 
in addition, reported that the content of growth-promoting activity in the 
anterior lobe of the blue whale pituitary approached that found in cattle 
pituitaries (24). 

In the present investigation, we employed the anterior lobes of the hump- 
back whale pituitary glands and were able to isolate 0.1 gm. of growth 
hormone from 100 gm. of fresh anterior pituitaries by a procedure involving 


We wish to thank Dr. 8. Hier of The Wilson Laboratories for the ACTH assay. 

'We wish to thank Dr. R. W. Bates of the National Institutes of Health for the 
TSH assay. 

* The following procedures were used for the detection of these activities: for 
FSH that of Simpson ef al. (19), for ICSH that of Greep et al. (20), and for prolactin 
that of Lyons (21). We wish to express our thanks to Dr. A. J. Lostroh for perform- 
ing these assays. 
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chromatography on Amberlite IRC-50 resin and isoelectric and ethanol 
fractionations. Investigations of the purified product by means of chro. 
matography, ultracentrifugation, electrophoresis, and N-terminal residue 
analysis reveal that it possesses a high degree of homogeneity. The 
molecular weight of whale growth hormone as computed from molecular 
kinetic data is lower than that of the bovine hormone (25) but higher than 
those of human and monkey somatotropins (3, 4). It may also be noted 
that the isoelectric point of whale somatotropin lies between the value for 
bovine growth hormone (25) and the values for the primate hormones 
(3, 4). However, the bovine hormone possesses two N-terminal residues 
(25), whereas the primate somatotropins (3, 4) have only one N-terminal 
group, as does the whale hormone herein reported. At the C-terminus, 
preliminary investigations of whale somatotropin by means of digestion 
with carboxypeptidase and by hydrazinolysis have yielded phenylalanine 
as the sole terminal residue. The somatotropins thus far isolated from 
all the various species likewise have been found to possess only one 
C-terminal residue (3, 4, 25), which has been identified as phenylalanine 
in all instances. 


SUMMARY 


A procedure has been described for the isolation of growth hormone in 
highly purified form from anterior pituitaries of humpback whales. The 
biological activity of whale growth hormone as measured by the tibia test 
was found to be comparable to that of bovine growth hormone. The 
isoelectric point of whale somatotropin was determined to be 6.2 and the 
molecular weight calculated from molecular kinetic data was found to be 
39,000. The N-terminal residue determined by the fluorodinitrobenzene 
reaction was phenylalanine in an amount of nearly 1 mole per mole of the 
hormone protein. The hormone was further characterized by quantita- 
tive determination of tyrosine and tryptophan and by its ultraviolet ab- 
sorption spectrum. 


The authors wish to express appreciation to the American Cancer So- 
ciety, and to the Albert and Mary Lasker Foundation, for grants in partial 
support of this work. 
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CARBOXYPEPTIDASE B 


I. PURIFICATION OF THE ZYMOGEN AND 
SPECIFICITY OF THE ENZYME* 


By J. k. FOLKf anno JULES A. GLADNER 


(From the National Institute of Dental Research and the National Institute of Arthritis 
and Metabolic Diseases, National Institutes of Health, Public Health Service, 
United States Department of Health, Education, and Welfare, Bethesda, Maryland) 


(Received for publication, July 22, 1957) 


An enzyme capable of rapidly releasing carboxyl terminal lysine and 
arginine has been reported as an aetive component of autolyzed bovine 
panereas (2). In the same report it was recognized that this enzyme, 
carboxypeptidase B or basic carboxypeptidase, exists in fresh pancreas as 
an inactive zymogen which is activated by treatment of extracts with 
trypsin. 

Although carboxypeptidase A' is routinely prepared as the crystalline 
active enzyme from autolyzed tissue by Anson’s procedure (3), it has been 
found that carboxypeptidase B is most conveniently purified in the form 
of its proenzyme. 

A procedure for a 20-fold purification of procarboxypeptidase B from 
defatted beef pancreas powders, together with its separation from pro- 
carboxypeptidase A, is outlined in this report. The activation of pro- 
carboxypeptidase B and the kinetics and specificity of the active enzyme 
toward synthetic substrates are described in some detail. 


EXPERIMENTAL 


General Methods 


Carbobenzoxyglycyl-L-phenylalanine and hippuryl-L-arginine were em- 
ployed for estimation of carboxypeptidase A and carboxypeptidase B 
activities, respectively. Extent of hydrolysis was measured by a colori- 
metric ninhydrin procedure (4) following incubation of enzyme-substrate 


* Presented in part before the Forty-eighth annual meeting of the American So- 
ciety of Biological Chemists, Chicago, Illinois, April 15-19, 1957 (1). Presented in 
part before the 13lst meeting of the American Chemical Society, Miami, Florida, 
April 7-12, 1957. 

t Research Associate, American Dental Association. 

' For convenience and clarity of nomenclature classical carboxypeptidase (3) will 
be referred to as carboxypeptidase A and its zymogen as procarboxypeptidase A. 
The following abbreviations are alsoemployed: DFP for diisopropyl phosphorofluori- 
date; HA for hippuryl-t-arginine; Tris for tris(hydroxymethy])aminomethane. 
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mixtures at 25° in buffer solution containing 0.1 m NaCl. In studies of 
purification and activation of proenzymes, the hydrolytic reactions were 
conducted with 0.025 m substrate in 0.025 m Tris buffer of pH 7.65. In the 
specificity studies, with substrates containing free amino groups, the ex. 
tent of hydrolysis was measured on 0.2 ml. samples by means of an aleo- 
holic KOH titration procedure (5). 

Units of carboxypeptidase B activity are arbitrarily defined as 20 X Ko, 
where Ky is the zero order rate constant. Units of carboxypeptidase A 
activity are defined according to Keller et al. (6). Specific activities of the 
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Fic. 1. Rates of activation of procarboxypeptidases A (O) and B (@) by trypsin 
in water extracts of defatted dry beef pancreas. The conditions of activation are 
outlined in the text. 


zymogens are expressed as carboxypeptidase units observed upon activa- 
tion of 1 mg. of precursor protein. 


Activation Studies 
The results of a typical experiment designed to compare the rates of 
tryptic activation of procarboxypeptidases A and B in water extracts of 
defatted beef pancreas are shown in Fig. 1. The activation mixture was 
adjusted to the following conditions: 0.05 m Tris buffer, pH 8.0, 5 per cent 
NaCl, 0.02 m CaCl., 0.0825 mg. of protein N per ml., and 1.6 K 10-* mg. 
of trypsin N per ml. at 25°. Samples were withdrawn at appropriate in- 


tervals, and activation was stopped by the addition of a large excess of 
DFP. 


-_> 


| 
ti 

|; 
t 
fi 


J. E. FOLK AND J. A. GLADNER 381 


The rates of activation are of a different order for procarboxypeptidases 
A and B, and it may be noted that procarboxypeptidase B is activated at 
the more rapid initial rate. 

In order to insure complete activation of the proenzymes in fractions ob- 
tained during purification and for kinetics and specificity studies, the sam- 
ples (0.05 to 0.5 mg. of protein N per ml.) were routinely incubated at 37° 
with 1.5 mg. of trypsin per ml. for 30 minutes in 0.05 m Tris buffer, pH 7.6, 
containing 5 per cent NaCl prior to testing for activity. Activation was 
rapid, and no decrease in activity was apparent over a period of 3 hours 
under these conditions. 


Purification of Procarboxypeptidase B 


The acetone powders of bovine pancreas employed as a source of pro- 
carboxypeptidase B were prepared according to Keller et al. (6)2 

The powder was extracted with water (20 ml. per gm. of powder) for 30 
minutes with vigorous stirring at 2°, and all subsequent operations were 
carried out at 2°. The suspension was centrifuged (30 minutes at 25,000 < 
g), and the clear yellow extract was collected, after filtering off (Whatman 
No. 4 paper) the few particles which remained suspended. 

To each 100 ml. of extract were added 6 gm. of a mixture of ion exchange 
resins (1:2 wet weight mixture of Dowex 50- or 50W-XS8 (H form) and 
Dowex 2-X10 (OH form) (both 50 to 100 mesh)), and the mixture was 
stirred vigorously until the pH dropped to a stable point between 3.5 and 
4.5. The colloidal suspension, which formed as the pH dropped below 5, 
was freed of ion exchange resin by rapid suction filtration through 
Whatman No. 4 filter paper. The suspension was centrifuged (25,000 x 
g for 5 minutes), and the supernatant fluid was discarded. 

A fine water suspension of the colloidal precipitate (equal in volume to 
the volume of the original extract) was prepared by employing a Teflon 
glass tissue homogenizer. A solution of 0.2 m Ba(OH): was added drop- 
wise to this suspension with vigorous stirring until a pH of 5.9 to 6.0 was 
reached (Beckman pH meter, model G, with glass electrode). During 
the pH adjustment a large amount of the suspended material passed 
into solution, and the material which remained insoluble was collected by 
centrifugation (25,000  g for 15 minutes). 

This precipitate was washed two times by suspending it in water (a 
volume equal to that of the original extract) and centrifuging (25,000 X g 
for 5 minutes). The washed precipitate was extracted with 0.2 m NaCl 
(equal to s'5 to 5 the volume of the original extract), and the precipitate 
was removed by centrifugation. These NaCl extracts of procarboxypep- 


* Our thanks are due to Dr. H. Neurath for supplying a sample of defatted beef 
pancreas powder employed in preliminary experiments. 
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Defatted beef pancreas powders 
extract with H,O 


Ppt. (discard) Supernatant fluid 


pH 3.5 to 4.2, with 
ion exchange 


Colloidal suspension 


| 
| 


Ppt. Supernatant fluid 
In HO (diseard) 
pH to 5.9-6.0 


with IH) 


Ppt. 


Washed with H.O, 
extracted with NaCl 


Supernatant fluid 
(discard) 


Ppt. (diseard) Supernatant fluid 


Procarboxy peptidase B 


Fig. 2. Flow sheet of procarboxypeptidase B purification procedure 


TaBLe 
Stages in Purification of Procarborypeptidase B 
Total units* Specific activity | Total recovery 
ProA Pro B Pro A | ProB | ProA | ProB 
me per cent per cent 
Acetone-dried powder. .. .|2,980,000 (2,850,000 | 64,600T 46 44 
Water extract............|2,980,000 2,824,000 | 16,540 |180 171 3100 99 
Ppt. from ion exchange 
treatment............. .|2,790,000 2,785,000 | 12,400 225 224 94 OS 
Residue after Ba(OQH),. 
extraction and water | 
16,400 427,500 840 19.5 510 0.55 15 
NaCl extract.............| 16,400 402,000 436 37.6 920) 0.55 14.2 


100 gm. of acetone-dried powder. Pro = procarboxypeptidase. 
* Units, Pro A = kK, X 1000 (6); A, = 1/t log (a)/(a — x); Pro B = Ko X 20; 


Ko = per cent hydrolysis per minute. 


t Calculated on the basis of total N. 
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tidase B were stored frozen or in the cold as lyophilized protein-salt mix- 
tures. 

A flow sheet diagram of this simple preparation procedure is shown in 
Fig. 2, and a protocol which shows recoveries, enrichments, and separations 
of procarboxypeptidases A and B is given in Table I. 

Esterase determinations (7) in which benzoyl-L-arginine ethyl ester and 
acetyl-L-tyrosine ethyl ester are employed for trypsin and chymotrypsin, 
respectively, showed no detectable amount of these enzymes in the pro- 
carboxypeptidase B preparations. 


T T T 
40 
WwW 
= 30 z 6 
ui = 
20 
> Oo 
10 2 
> 
20 40 60 5 10 15 20 
TIME-MINUTES MICROGRAMS PROTEIN/ML 
3 Fig. 4 


Fic. 3. Hydrolysis of 0.025 m HA at different enzyme concentrations. The ex- 
periments were performed in 0.025 m Tris buffer at pH 7.65. The enzyme concentra- 
tions for the runs are given in micrograms of protein as procarboxypeptidase per ml. 
of test solution. 

Fic. 4. Hydrolysis of HA as a function of enzyme concentration. The data were 
calculated from Fig. 3. 


The activity of the procarboxypeptidase B preparations was rapidly lost, 
two-thirds of the original activity remaining after 1 week of storage at 
—10°. Overnight dialysis resulted in a 50 to 100 per cent decrease in 
specific activity. 

Kinetic Studies 


The hydrolysis of HA by carboxypeptidase B is essentially linear up to 
approximately 40 per cent hydrolysis as shown in Fig. 3 and may be de- 
scribed by the zero order constant, Ko. Fig. 4 shows that Ko is proportional 
to the amount of enzyme within the tested concentration range. It is 
apparent from these data that these enzyme preparations are exceedingly 
active. 


Ko-% HYDROLYSIS/ MIN. 
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The rates of hydrolysis were essentially independent of substrate con- 
centration (0.0125 to 0.05 m) at pH 7.65 (0.025 m Tris buffer), and zero 
order kinetics was observed throughout the entire range of initial substrate 
concentration. 

The data in Fig. 5 show the effect of pH on the hydrolysis of HA by 
carboxypeptidase B. There is a rather broad area (pH 7.5 to 8.5) of strong 
enzyme activity with an optimum at pH 8.2. The enzyme exhibited some 


400 
300 
.50r 
200 
@ PHOSPHATE 
o TRIS 
4 VERONAL 
BORATE 
3 4 5 6 7 8 9 10 LL 
5 Fic. 6 


Fic. 5. Rate of hydrolysis of HA (0.025 mM) as a function of pH. The buffers were 
employed at a 0.025 M concentration. The enzyme concentration was 0.0144 mg. per 
ml. as procarboxypeptidase B protein. 

Fig. 6. Competitive inhibition by 6-guanidinovaleric acid of the hydrolysis of HA 
by carboxypeptidase B. Vo is the moles per liter of substrate hydrolyzed in 30 min- 
utes by 0.0144 mg. of enzyme as procarboxypeptidase. do is the initial substrate 
concentration. @, no inhibitor; O, 0.00125 m 6-guanidinovaleric acid. The reac- 
tions were run at pH 7.65 (0.025 m Tris buffer). 


loss in activity after long incubation periods (over 60 minutes) at pH values 
above 8.0. 


Competitive Inhibition 


In addition to e-aminocaproic acid and 6-aminovaleric acid reported pre- 
viously (2) y-aminobutyric acid, 6-guanidinovaleric acid, and argininic acid 
have been found to be competitive inhibitors for carboxypeptidase B. A 
typical competitive inhibition relationship is shown in Fig. 6, plotted ac- 
cording to Lineweaver and Burk (8). The structural requirements for 
specific inhibitors of carboxypeptidase B will be discussed in further detail 
in a later publication. 
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Specificity of Carboxypeptidase B toward Synthetic Substrates 


The action of carboxypeptidase B on various synthetic substrates, which 
bear basic amino acids or their derivatives in the carboxyl terminal posi- 
tion, is summarized in Table II. The hydrolysis of each of the susceptible 
substrates followed zero order kinetics as illustrated in the case of HA 
(Fig. 3). One bond only was hydrolyzed in each of these substrates, and 


TaBLeE II 
Specificity of Carborypeplidase B 

Substrate = Ko Co 
Hippuryl-t-lysine (9, 10)...................| 0.0218 1.40 64.3 100 
Hippuryl-p-lysine. .. 0 
Hippuryl-.- lysylamide (11). .| 0.450 0 
Hippuryl-L-arginine. . 5 ..| 0.0218 1.00 46.0 72 
Hippurylnitro-t- -arginine (12) .. 0.450 0 
Hippuryl-u-ornithine. . ...| 0.0218 0.415 19.0 30 
Hippuryl-é- carbobensoxy- L-ornithine.. 0.450 0 
Hippuryl-t-homoarginine. . ...| 0.218 0.166 0.77 1.2 
Carbobenzoxyglycyl-L- histidine 0.218 0 
Glycyl-u-lysine (14).. 
e-N- .| 0.450 0 
Benzoy1-8-alanyl-t-lysine. . 1.20 2.18 3.4 
(10)................| 0.450 0 


Assays were performed with 0.025 m substrate in 0.025 m Tris buffer at pH 7.65 
containing 0.002 m DFP. Enzyme concentrations are given in mg. per ml. Ko = 
per cent hydrolysis per minute. Co = Ko per mg. of enzyme as procarboxypepti- 
dase. Relative rates are given as per cent of rate of hydrolysis of hippuryl-L-lysine. 
Compounds showing 0 values for relative rates showed no hydrolysis in 5 hours at 
the stated enzyme concentration. The numbers in parentheses give reference to 
the preparation of substrates. The preparations of substrates without reference 
numbers are given in the present report. All amide linkages of lysine and ornithine 
are through the a-amino group unless otherwise designated. 

*5 to 10 per cent hydrolysis in 5 hours at the stated enzyme concentration. 


the release of the carboxyl terminal basic amino acid was observed on paper 
chromatograms. 

The action of carboxypeptidase B on synthetic poly-t-lysine is discussed 
in an accompanying report (15). 

Preparation of Substrates 
Hippuryl-L-arginine 

A solution of hippurylnitro-L-arginine (1.6 gm.) (12) in 100 ml. of meth- 

anol and 12 ml. of glacial acetic acid was hydrogenated overnight at atmos- 
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pheric pressure in the presence of palladium. The catalyst was removed 
by filtration, and the solvent was removed in vacuo. The compound was 
precipitated from methanol with ethyl acetate and dried im vacuo at 77°; 
yield 1.2 gm. (90 per cent), m.p. 182—186° after shrinking at 165°. 


CysH iO qNs (335.2). Calculated. C 53.7, H 6.3, N 20.9 
Found. 53.5, 6.0, ** 20.2 
[a]?? —2.8° (2% in methanol) 


a-N -Hippuryl-x-ornithine 


a-N -Hippuryl-6-carbobenzoxy-L-ornithine—A_ solution of hippuric acid 
(1.79 gm.) and 1.41 ml. of triethylamine in 20 ml. of ethyl acetate was 
cooled to 5°, and 1.52 ml. of isobutyl chloroformate were added with stir- 
ring. After 10 minutes at this temperature a solution of 6-carbobenzoxy- 
L-ornithine (2.66 gm.) (16) in 10 ml. of N NaOH was added, and stirring 
was continued for 4 hours during which time the mixture was warmed to 
room temperature. After filtering the solid material which formed during 
the reaction, the aqueous portion was extracted twice with ether and acidi- 
fied with 5 Nn HCl. The resulting oil solidified upon cooling and was crys- 
tallized from ethyl acetate-hexane; yield 2.0 gm. (47 per cent), m.p. 94-96°. 


CoeH O6N 3 (427.4). Calculated. C 61.8, H 5.9, N 9.8 
Found. “ 61.6, “ 5.9, “ 9.8 


a-N -Hippuryl-L-ornithine—A solution of the carbobenzoxy derivative 
(854 mg.) in 50 ml. of methanol and 1 ml. of glacial acetic acid was hy- 
drogenated in the presence of palladium. The catalyst was filtered, and 
solvents were removed in vacuo. The compound was crystallized from 
methanol by the cautious addition of ether; yield 320 mg. (53 per cent), 
m.p. 177-178°. 

(302.3). Calculated. C 55.6, H 6.7, N 13.9 
Found. ** 55.6, “ 6.5, “ 13.6 


Weight loss on drying in vacuo at 100°, 3.8% 
—6.25° (1% in water) 


Hippuryl-L-homoarginine 


A solution containing 307 mg. of hippuryl-L-lysine and 135 mg. of o- 
methylisourea in 10 ml. of water was cooled to 5° and adjusted to pH 10.0 
with 5n NaOH. After 10 days at 5°, the solution was adjusted to pH 6.0 
with mM H.SO, and taken to dryness in vacuo. The dry residue was ex- 
tracted three times with 50 ml. portions of boiling ethanol. The solvent 
was evaporated in vacuo to a small volume, and ether was added. The re- 
sulting amorphous precipitate was reprecipitated from ethanol with ether 
(m.p. 130°). Elemental analysis indicated a small amount of inert im- 
purity. However, the compound was negative to ninhydrin and showed 
only one area on paper chromatograms on employing the modified Saka- 
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guchi reagent® for location. One compound, which was positive to both 
the Sakaguchi and ninhydrin reactions, was formed upon treatment of the 
hippuryl-L-homoarginine with carboxypeptidase B, and the Ry values for 
this compound in various solvents were identical with those for homoargi- 
nine. 


e-N -(Carbobenzoxyglycyl)-L-lysine 


To 10 ml. of a cooled (5°) solution of the copper complex, prepared from 
3.64 gm. of L-lysine-HCl by means of basie copper carbonate, were added 
in several portions with stirring 1.9 gm. of carbobenzoxyglycine chloride 
(17) and 1.1 gm. of NasCO;. The mixture was allowed to warm to room 
temperature, and the blue precipitate, which was collected after 24 hours, 
was washed well with water, ethanol, and ether; yield 3.5 gm. This ma- 
terial was suspended in 300 ml. of 50 per cent ethanol, and hydrogen sulfide 
was passed in for 2 hours. After standing overnight the mixture was 
heated to boiling and filtered to remove copper sulfide. Upon cooling, the 
desired compound crystallized. After three recrystallizations from etha- 
nol-water, the melting point was 215-218° after darkening at 200°; yield 
1.6 gm. (44 per cent). 


CyeHaOsN; (337.4). Caleulated. C 57.0, H 6.9, N 12.5 
Found. “ 56.8, “ 7.3, “ 12.4 
lal” +9.9° (1.5% in 2 HCl) 


a-N -( Benzoyl-B-alanyl)-i-lysine 


a-N -( Benzoyl-B-alanyl)-¢-carbobenzoxy-L-lysine Methyl Ester—-A solution 
of benzoyl-8-alanine (1.93 gm.) (18) and 1.41 ml. of triethylamine in 20 
ml. of ethyl acetate was cooled to 5°, and 1.52 ml. of isobutyl chloroformate 
were added with stirring. After 10 minutes at this temperature a solution 
of e-carbobenzoxy-L-lysine methyl ester from 3.32 gm. of the ester-HClI (9) 
was added, and stirring was continued. After 2 hours the reaction mixture 
was heated to boiling and filtered. The volume was reduced to approxi- 
mately 50 ml. in vacuo and cooled to 5°. After cooling overnight the crys- 
talline derivative was collected and recrystallized from ethyl acetate; yield 
3.4 gm. (73 per cent), m.p. 116—118°. 


(469.5). Calculated. C 53.9, H 6.7, N 8.9 
Found. 54.0, “ 6.7, 9.0 


a-N -( Benzoyl-8-alanyl)-«-carbobenzoxy-L-lysine—To a solution of the ester 
(1.2 gm.) in 12 ml. of methanol were added 2.75 ml. of N NaOH, and the 
mixture was shaken for 30 minutes at room temperature. The methanol 
Was removed in vacuo, and the resulting solution was acidified with 3 ml. 
of x HCl. The solid material which formed was filtered and washed well 


°F. Irreverre, D. Kominz, and A. Hayden, manuscript in preparation. 
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with water. This product was precipitated from ethyl acetate with pen- 
tane; yield 1.0 gm. (87 per cent), m.p. 87°. 


CoH wOeN; (455.5). Calculated. C 63.3, H 6.4, N 9.2 
Found. ** 62.9, 6.8, 8.9 


a-N -(Benzoyl-8-alanyl)-L-lysine—A solution of the carbobenzoxy deriva- 
tive (456 mg.) in methanol was hydrogenated in the usual manner. After 
the removal of catalyst and solvent, the oily residue was crystallized upon 
addition of ether. The compound was recrystallized from methanol by the 
addition of ether; yield 275 mg. (86 per cent), m.p. 231°. 


CysHo30.N3 (321.4). Calculated. C 59.8, H 7.2, N 13.1 
Found. ** 59.5, 7.4, ** 12.9 
{a]?? —23.4° (1% in water) 


a-N solution of hippuryl- 
L-proline (1.38 gm.) (19) and 0.71 ml. of triethylamine in a mixture of 10 
ml. of ethyl acetate and 10 ml. of chloroform was cooled to —5°, and 0.76 
ml. of isobutyl chloroformate was added with stirring. After 15 minutes 
at this temperature a solution of e-carbobenzoxy-.-lysine methyl ester from 
1.66 gm. of the ester-HC] in ethyl acetate was added. The reaction mix- 
ture was stirred for 1 hour and allowed to stand at room temperature for 
48 hours. It was washed with bicarbonate, water, dilute HCl, and water, 
and dried over Na2SO,. Upon removal of the solvents in vacuo, 2.5 gm. of 
an oil were obtained which resisted all attempts at crystallization. This 
oil was taken up in 10 ml. of methanol, and 5 ml. of N NaOH were added. 
After occasional shaking over a period of 15 minutes, the methanol was 
removed in vacuo, and the aqueous residue was extracted with ethyl ace- 
tate. The oil obtained upon acidification of the water layer quickly solidi- 
fied upon cooling. The product was crystallized from absolute methanol; 
yield 1.65 gm. (61 per cent), m.p. 191°. 


CxH3O7N, (538.6). Calculated. C 62.4, H 6.4, N 10.4 
Found. 62.5, 6.5, ‘* 10.4 


a-N -(Hippuryl-t-prolyl)-t-lysine—539 mg. of the carbobenzoxy deriva- 
tive were dissolved in 50 ml. of methanol with warming, and 0.5 ml. of 
glacial acetic acid was added. The compound was hydrogenated in the 
usual manner. After removal of catalyst and solvents, the product was 
crystallized from a water-ethanol mixture by the addition of dioxane; 
yield 320 mg. (76 per cent), m.p. 200° with darkening. 


CooH»xOsN4-H2O (422.5). Calculated. C 56.8, H 7.2, N 13.3 
Found. ** 66.7, 7.3, ** 13.2 
Weight loss upon drying in vacuo at 100°, 4.3% 
[a]?? —72.8° (1.5% in water) 
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a-N -Hippuryl-p-lysine 


e-Carbobenzoxry-p-lysine—This derivative was prepared by a procedure 
identical to that reported for the preparation of the L derivative (9); m.p. 
229°, [a]x’ —14.5° (1 per cent in 2 n HCl). 

a-N-Hippuryl-e-carbobenzory-p-lysine—By means of a method similar to 
that used for the preparation of hippuryl-d-carbobenzoxy-L-ornithine, but 
in which 0.5 mmole of derivatives and reagents is employed, the hippuryl- 
«-carbobenzoxy-b-lysine was obtained in 45 per cent yield; m.p. 140—142°. 

a-N-Hippuryl-p-lysine—100 mg. of the carbobenzoxy derivative were 
hydrogenated in methanol in the usual manner; yield 49 mg. (70 per cent) 
from methanol with ether. 


CysH20O.N; (307.3). Calculated. C 58.6, H 6.9 
[a]? +9.5° (1% in water) 


DISCUSSION 


The present report gives preliminary characterization data on an enzyme 
which, like trypsin, chymotrypsin, and carboxypeptidase A, may prove to 
be a major proteolytic enzyme of pancreas. Certainly the specificity of 
carboxypeptidase B toward synthetic, as well as protein (15), substrates, 
its fast rate of activation from the zymogen, its active pH range, and its 
high activity lead one to believe that this enzyme may be essential to the 
digestive process. A hypothesis that the particular function of carboxy- 
peptidase B is a first step degradation of the products of tryptic digestion 
is supported by its specificity for products of tryptic digestion, 7.e. carboxyl 
terminal arginine and lysine and not histidine (this paper and the accom- 
panying paper (15)). <A similar specificity of carboxypeptidase A toward 
products of chymotryptic digestion (20) is apparent. 

The action of the two carboxypeptidases toward synthetic substrates, 
apart from their specificity toward certain carboxyl terminal amino acids, 
is strikingly similar, 7.e. (1) they remove only carboxyl terminal L-amino 
acids, (2) they remove certain carboxyl terminal amino acid derivatives 
which do not occur naturally (phenylglycine by carboxypeptidase A (21); 
homoarginine by carboxypeptidase B), (3) they are competitively inhibited 
by structural analogues of the amino acids, for which they bear specificity, 
(4) the structure of the amino acid adjacent to the one which contributes 
the terminal carboxyl grouping may influence the rate at which they liber- 
ate susceptible amino acids, and (5), as their names imply, they require in 
their substrates an unsubstituted terminal carboxyl group for activity. 

The removal of carboxyl terminal glycine from benzoyl-.-lysylglycine 
by carboxypeptidase A (10) but not by carboxypeptidase B strengthens 
the hypothesis that the activity of these two enzymes is dependent per se 
upon the structure of the amino acid residue which contributes the free 
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carboxyl group and that adjacent amino acids influence only the rate of 
hydrolysis. 

The value of carboxypeptidase B as a tool for amino acid sequence studies 
in proteins and polypeptides is demonstrated in an accompanying report 
(15). The role that this enzyme may play in studies on chemically guani- 
dinated proteins is under investigation. It is of general interest that 
homoarginine is released from hippuryl-L-homoarginine by carboxypepti- 
dase B. To the authors’ knowledge this is the only example of hydrolysis 
of a homoarginine peptide bond by any enzyme. 

There is evidence that the release of free arginine from protamines by the 
‘“‘protaminase”’ of Waldschmidt-Leitz et al. (22) may be due in part to the 
presence of carboxypeptidase B. A “protaminase”’ preparation has been 
observed to hydrolyze hippuryl-t-lysine and poly-L-lysine (46 mer), and 
this preparation was without effect upon hippuryl-L-lysine amide.‘ 


SUMMARY 


A procedure has been developed for a 20-fold purification of procarboxy- 
peptidase B from defatted dry powders of beef pancreas glands. The puri- 
fied proenzyme is free of trypsin and chymotrypsin and is low in the zy- 
mogen of classical carboxypeptidase. 

Specificity studies of the active enzyme, carboxypeptidase B, show that 
this enzyme hydrolyzes the basic amino acids, lysine, arginine, ornithine, 
and homoarginine, but not histidine from the carboxyl terminal position in 
synthetic peptide substrates. There is evidence that only peptide deriva- 
tives containing L-carboxyl terminal basic amino acids are susceptible to 
hydrolysis and that the structure of the adjacent amino acids may influence 
the rate at which carboxyl terminal basic amino acids are removed. 

The hydrolysis of synthetic substrates by carboxypeptidase B follows 
zero order reaction kinetics. The hydrolysis of hippuryl-L-arginine is op- 
timal at pH 8.2. The activity is proportional to enzyme concentration 
and independent of substrate concentration. 

Comparison of the rates of activation of procarboxypeptidases A and B 
shows that the zymogen of carboxypeptidase B is activated by trypsin at a 
faster initial rate than is that of carboxypeptidase A. 

Certain structural analogues of basic amino acids competitively inhibit 
carboxypeptidase B. 

The synthesis and properties of a number of peptide derivatives of ly- 
sine, arginine, ornithine, and homoarginine are described. 


The technical assistance of Miss Emilie N. Smith is gratefully acknowl- 
edged. We also wish to express our thanks to Dr. K. Laki for valuable 


4L. Weil, personal communication. 
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discussions during the course of this work. We are indebted to Dr. W. C. 
Alford and his associates of the National Institutes of Health Analytical 
Laboratory for carrying out the elemental analyses. 
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CARBOXYPEPTIDASE B 


II. MODE OF ACTION ON PROTEIN SUBSTRATES 
AND ITS APPLICATION TO CARBOXYL 
TERMINAL GROUP ANALYSIS* 


By JULES A. GLADNER anp J. E. FOLKf 


(From the National Institute of Dental Research and the National Institute of Arthritis 
and Metabolic Diseases, National Institutes of Health, Public Health Service, 
United States Department of Health, Education, and Welfare, Bethesda, Maryland) 


(Received for publication, August 19, 1957) 


In a previous publication (1) the isolation, partial purification, and eluci- 
dation of the specificity of carboxypeptidase B were described. The en- 
zyme was shown to hydrolyze lysine, arginine, ornithine, and homoarginine 
from the C-terminal position! of synthetic peptide substrates. 

In recent years carboxypeptidase A? has been widely used for the identi- 
fication of C-terminal amino acid residues and partial sequence analysis 
of proteins and peptides (2). Carboxypeptidase A was shown to act 
slowly, if at all, upon basic amino acid residues (3, 4), and, therefore, the 
identification of these amino acids was in question. Since carboxypepti- 
dase B rapidly hydrolyzes lysine and arginine bonds (1), an investigation 
of the action of this enzyme upon a number of protein and peptide sub- 
strates was undertaken. This report describes the release of basic amino 
acids by carboxypeptidase B upon its reaction with protein substrates, 
singly and in conjunction with carboxypeptidase A. 


Materials 


Carboxypeptidase B was prepared as previously described (1) with one 
of the two following modifications. 

Method I—An aliquot of 2.5 ml. of final stock solution of procarboxypep- 
tidase B containing 4 to 5 mg. of protein per ml. was adjusted to pH 8.0 


* Presented in part before the 13lst meeting of the American Chemical Society, 
Miami, Florida, April 7-12, 1957. Presented in part before the Forty-eighth annual 
meeting of the American Society of Biological Chemists, Chicago, Illinois, April 
15-19, 1957. 

t Research Associate, American Dental Association. 

! The following abbreviations will be employed throughout this paper: C-terminal 
and N-terminal for the carboxy! terminal and amino terminal amino acid residues of 
proteins and polypeptides, DFP for diisopropy! phosphorofluoridate, DIP for diiso- 
propylphosphoryl, S:E for the molar ratio of substrate to enzyme, DNP for dinitro- 
phenyl. 

? For clarity of nomenclature Anson’s classical carboxypeptidase will be referred 
to as carboxypeptidase A. 
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to 8.3 by the addition of 10 mg. of KzHPO,. Trypsin (6.25 mg. in 25 
ml. of 10-* m HCl) was added, and the mixture was placed in a dialysis 
sack and dialyzed with stirring against large quantities of 0.2 Mm NaC], 
pH 8.0, at 25°. The dialysis was stopped after 1 hour. Tryptic activa- 
tion was terminated by the addition of a 200-fold molar excess of DFP, 
and the activated mixture was then made up to a total of 10 ml. with 0.2 y 
NaCl. Method II was similar to Method I with the exception that dialysis 
was omitted. After 1 hour of incubation with trypsin, the activated solu- 
tion was stirred with 600 mg. of a mixture of ion exchange resins (1:2 wet 
weight mixture of Dowex 50W-X8 (H form) and Dowex 2-X10 (OH form), 
both 50 to 100 mesh) for 20 to 30 seconds. Following removal of the ion 
exchange resins, the pH was quickly readjusted to 8.0, DIP was added 
(pH maintained at 8.0), and the volume was adjusted as in Method I. 
Method II yielded an extremely low enzyme blank. 0.5 ml. of these 
enzyme solutions was used per umole of protein substrate after routine 
esterase assays for trypsin (5) showed no traces of residual tryptic activity 
(20 to 30 minutes after addition of DFP). In all experiments, prepara- 
tions of carboxypeptidase B, starting from acetone powders, were made up 
and used on the same day. In the preliminary investigations reported in 
this paper no attempt was made to discern maximal and minimal concen- 
trations of enzyme applicable to the method. Such data will be reported 
in a future publication. 

Salmine—Two preparations were employed. One of them was kindly 
supplied by Dr. L. Weil of the Eastern Utilization Branch of the United 
States Department of Agriculture (Preparation I). The other was pre- 
pared in this laboratory (6), extreme care being taken during the prepara- 
tion to avoid hydrolysis (Preparation 11). Both protamines were in the 
sulfate form. Preparation I] was also used as a control to ascertain the 
potency of the individual carboxypeptidase B preparations. 

DIP-r-chymotrypsin was prepared by employing 0.2 m 6-phenylpropi- 
onic acid by a method essentially the same as that reported by Dreyer 
and Neurath (7).* 

Chymotrypsinogen was obtained from the Worthington Biochemical Cor- 
poration, Freehold, New Jersey, as the damp filter cake of first crystals. 
It was recrystallized six times from ammonium sulfate, dialyzed salt-free 
against 10-* m HCl at 4°, and lyophilized. 

Trypsin and DIP-Trypsin-——Four lots of Worthington crystalline trypsin 
were used (Lots TL-581, 433-C, 436, and TR-20-SF). They were all dialyzed 
salt-free and lyophilized when required. The salt-free enzyme powder 
(10 mg. per ml.) was dissolved in cold (0°) 0.05 Mm tris(hydroxymethyl)- 


* We wish to thank Dr. W. J. Dreyer for his assistance during the course of this 
preparation. 
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aminomethane buffer, pH 8.0. Immediately thereafter a 200-fold molar 
excess of DFP in isopropanol was added, the pH being maintained between 
78 and 8.0. Esterase determinations for tryptic activity showed essen- 
tially complete inactivation in about 20 to 30 minutes. The solutions 
were quickly adjusted to pH 3.0 and dialyzed against large quantities of 
10° HCI at 4°. 

Another preparation of DFP-inhibited trypsin from Lot TL-581 was 
made under the exact conditions described above with the exception that 
the solution was made 0.10 m in CaCl, and 0.10 m in 6-phenylpropionic 
acid. It was designated as Lot TL-581-Ca. 

Trypsinogen Activation Mixtures—Trypsinogen, Worthington Lot Tg- 
521, was completely activated under conditions reported by Neurath et al. 
(8); activity and change in optical rotation were in accordance with the 
reported data. In another study, 0.1 mM 6-phenylpropionic acid, a com- 
petitive inhibitor of chymotrypsin (3), was used to suppress possible hy- 
drolysis by chymotrypsin. In all activation experiments, at time intervals 
of 1, 2, 3, and 24 hours, aliquots were withdrawn, and DFP in 200-fold 
molar excess was added to terminate the reaction, the mixtures being kept 
at 0°. Loss of activity was followed by esterase assays. After complete 
DFP inactivation the pH was lowered to 3, and the contents were centri- 
fuged when required, followed by dialysis against 10-* m HCI at 4°. 

Carboxypeptidase A—Starting materials were Worthington, three times 
erystallized, Lots CO-561, CO-568, and CO-569. All preparations con- 
tained varying degrees of carboxypeptidase B activity when assayed 
against hippuryl-L-arginine. Subsequent recrystallizations by the gradient 
dialysis techniques and isoelectric crystallizations as described by Neurath, 
Elkins, and Kaufman (9), and modified by Neurath and Schwert (ef. (3)), 
removed all but traces of this activity. 

Protein concentrations in these experiments were determined spectro- 
photometrically; extinction coefficients were FE} = 20.6 for chymotryp- 
sinogen (10), EXS = 14.4 for trypsin, E}4 = 13.9 for trypsinogen (11). 
Carboxypeptidase A concentrations were determined at 278 my, assuming 
a molar extinetion coefficient of 8.6 K 10* (12). | 

Light Meromyosin—These crystalline preparations, prepared by the short 
term action of trypsin on myosin (13), were kindly supplied by Dr. K. 
Laki of this laboratory. 

Performic acid-oxidized chick globin was kindly supplied by Dr. Jean 
Rotherham of the National Heart Institute, National Institutes of Health. 
The dialyzed and lyophilized salt-free preparation was completely soluble 
in distilled water at pH 8.2. 

Poly-t-lysine-H Br (46 mer) was synthesized in this laboratory (14). 
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EXPERIMENTAL 


Carboxypeptidase B preparations and substrates, in amounts previously 
specified, were incubated for various time periods under direct pH contro 
at 25° and pH 8.0 to 8.2. In certain experiments carboxypeptidase A 
S:E = 25:1 prepared-as previously reported for end group analysis (4) 
was added at specific times. When protein substrates were DIP enzymes, 
a 50-fold molar excess of DFP was added to the substrate solution prior 
to adjusting the pH to 8.0. Esterase assays against their specific syp- 
thetic substrates (3) showed no traces of active enzymes after such treat. 
ment. 

The reactions were terminated by adding aliquots directly to an excess 
of Dowex 50-X12 (H form). The mixtures were then treated, and the 
amino acids were eluted from the resin as previously described (4). Ip 
certain experiments, where indicated, the mixtures were dinitrophenylated, 
and the amino acids were identified and estimated according to the method 
of Fraenkel-Conrat et al. (2). 

Initial identifications of a portion of the ion exchange resin eluents were 
carried out on two-dimensional paper chromatograms by employing the 
technique of Irreverre and Martin (15). The chromatograms, run on 
Schleicher and Schuell No. 598 filter paper, were lightly sprayed on one 
side with a sensitive Sakaguchi reagent for arginine.‘ Following this pro- 
cedure the entire paper was dipped in 0.25 per cent ninhydrin in acetone 
containing 5 per cent (v/v) glacial acetic acid for identification of other 
amino acids. 

For quantitative purposes, arginine was determined by a colorimetric 
Sakaguchi procedure developed in this laboratory by Hayden and Irre- 
verre. When necessary lysine and other amino acids were determined 
quantitatively by the ion exchange method of Moore and Stein (16) or 
the DNP technique of Fraenkel-Conrat et al. (2). 


Results 


Salmine—Table I shows the results obtained upon the incubation of 
carboxypeptidase B preparations, of equal potency® against synthetic 
substrates, with two preparations of salmine sulfate. The results of the 
addition of carboxypeptidase A after 2 hours prior incubation with car- 
boxypeptidase B are also illustrated. 

Preparation II, in later stages of these investigations, was employed 
to estimate enzyme potency against protein substrates. For compar- 


‘ Irreverre, F., Kominz, D., and Hayden, A., to be published. 

5 Hayden, A., and Irreverre, F., to be published. 

* Units of carboxypeptidase B are defined as 20 X Ko, where Ko = the zero order 
rate constant with 0.025 m hippuryl-L-arginine as substrate. 
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sons on an equivalent activity basis, stock enzyme preparations in a suffi- 
cent amount to liberate 2 equivalents of arginine per mole of salmine 
substrate in 3 hours were employed, except when otherwise specified. 
Chymotrypsinogen and Trypsinogen—Since neither chymotrypsinogen 
nor trypsinogen yields C-terminal groups to carboxypeptidase A (4, 17) 
or to the technique of hydrazinolysis (Akabori (18)), incubation of these 
substrates with carboxypeptidase B followed by, or simultaneously with, 
carboxypeptidase A was performed for as long as 6 hours. In no case 
could liberation of any amino acids by these enzymes be detected. 
DIP-x-Chymotrypsin—The results of the incubation of carboxypep- 
tidase B and carboxypeptidase A, singly and in combination with one 
another, with DIP-x-chymotrypsin, are shown in Table II. The amount 
of the carboxypeptidase B preparation employed in these experiments 


Taste I 
Arginine Liberation from Salmine Sulfate (Mol. Wt. 4000) by Carborypeptidase B 
Equivalents of arginine liberated with time | 
Salmine preparation used 
thr. | Shes. | S.Shes. 25 hrs. 


Preparation I.......| 0.95 Be. 
IL.....) @@ | 30 | 20] 2. 


3 Not added 
l Valine,f serinet 


*S:E = 25. Carboxypeptidase A added following 2 hours incubation of sub- 
strate with carboxypeptidase B; incubated further for 1 hour. 
t Appearing as heavy spots on paper chromatograms. 


was of sufficient potency to release 2 equivalents of arginine from salmine 
Preparation II in 2 hours. 

DIP-Trypsin—In Table III the hydrolysis of various preparations 
of DIP-trypsin by carboxypeptidase B is illustrated. Conditions em- 
ployed were identical to those in the preceding experiments with DIP- 
r-chymotrypsin. 

The action of carboxypeptidase A on two lots of the DIP-trypsins, Lots 
TL-581-Ca and TR-20-SF, was essentially in complete accord with the 
previous results reported by Davie and Neurath (17); only faint traces of 
lysine and other minor amino acid spots appeared on two-dimensional 
chromatograms. 

Trypsinogen Activation Mixtures—-Since commercial trypsin yielded such 
large quantities of lysine following 2 hours of incubation with carboxypep- 
tidase B, it was of interest to examine the C-terminal groups of trypsin 
formed by the tryptic activation of trypsinogen over an extended period of 
time. 

During activation (120 minutes) and for 22 hours following activation, 
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no significant amounts of lysine were released by carboxypeptidase B from 
the dialyzed trypsinogen activation mixtures. These results were unaltered 
by the presence of 0.1 mM 6-phenylpropionic acid in the activation mixtures. 

Performic acid-oxidized chick globin, when incubated with Worthington 
carboxypeptidase A, Lot 3561 (three times crystallized), 8:E = 25, pH 


Taste Il 


Equivalents of Amino Acids Per Mole DIP-2-Chymotrypsin Liberated 
by Carborypeptidase A and Carborypeptidase B 


Enzyme Time | Arginine | Serine® | Leucine* 
B 2 0.7 Trace Trace 
A 2 0 | “ 0.10-0.15 
B + At (2 + 1) | 0.7 | 0.3 | 0.25-0.30 


* Estimated by DNP met hod of Fraenkel-Conrat et al. (2). 
= 25. 


Tasie Ill 
Lysine Liberation from DIP-Trypsin by Carborypeptidase B 


| Equivalents of lysine liberated with , 
time 


Lot No. DIP-trypsin ther amino after 10 
min. 


30 min.* | 120 min.t | 

433- | 0.93 3. | 

436 | | 6 

TR-20-SF | 0.97 3.4 ry ptop an 

TL-581-Ca | 0.94 3.3 | Arginine (trace) 
| 


* Determined by ion exchange chromatography according to Moore and Stein. 
+t Estimated by the DNP technique of Fraenkel-Conrat ef al. (2). 
t Qualitatively identified by paper chromatography. The amino acids listed were 
observed in all enzymatic hydrolysates of all trypsin preparations. 


8.2, yielded within 15 minutes | equivalent each (based on the molecular 
weight of 65,000), of lysine and histidine as well as lesser quantities of 
alanine, leucine, and other minor amino acid spots. Following recrystal- 
lizations of the enzyme as described under ‘‘Materials,”’ the recrystallized 
preparation when incubated with globin substrate yielded | equivalent of 
histidine, smaller quantities of leucine and alanine, but only slight tracesof 
lysine. Contrariwise, the supernatant solutions from the recrystalliza- 
tions, upon incubation with the substrate, released approximately | equiva- 
lent of lysine, but only small amounts of histidine, leucine, and alanine. 
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\ purified preparation of carboxypeptidase B yielded essentially the same 
results as were obtained with the supernatant materials. Amino acid 
analyses were performed by the DNP technique of Fraenkel-Conrat ef al. 
(2). 

Preliminary experiments with carboxypeptidase B were carried out on 
light meromyosin. In all cases the only major amino acid released by 
carboxypeptidase B preparations was lysine.’ Poly-L-lysine, when in- 
cubated with carboxypeptidase B, yields only free lysine. Quantitative 
estimations were not performed. 

Table 1V summarizes some of the data pertaining to the effect of car- 
boxypeptidase B on various protein substrates. 


TasLe IV 


Amino Acids Liberated from Protein Substrates by Carborypeptidase A 
and Carborypeptidase B 


Substrate | Carboxypeptidase B | Carboxypeptidase A 
Chymotry psinogen | 0 | 0 
Try psinogen | 0 | 0 
Commercial trypsin | Lysine | 0) 
Activated trypsinogen* | 0 | 0 
DIP-x-chymotrypsin | Arginine | 0 
Salmine | 0 
Performiec acid-oxidized chick globin | Lysine Histidine 
Light meromyosin | as 0 
Poly-L-lysine (46 mer) | | 0 


* Trypsin-activated, see the text for the details. 


DISCUSSION 


The present experimental data extend to protein substrates our knowl- 
edge of the specificity of carboxypeptidase B. It is evident that carboxy- 
peptidase B may be employed for the determination of basic C-terminal 
amino acid residues in proteins and peptides. With the consideration in 
mind of the limitations of other enzymatic methods of end group analysis, 
one may employ carboxypeptidase B, either alone or coupled with car- 
boxypeptidase A, to elucidate C-terminal amino acid patterns of certain 
proteins and peptides. 

The inability of carboxypeptidase B to liberate free basic amino acids 
from trypsinogen or chymotrypsinogen, coupled with negative results in 
previous attempts to obtain C-terminal residues via carboxypeptidase A 
(4, 17) or chemical techniques (18), demonstrates either that these zymo- 


’ Estimated from the intensity of the ninhydrin color to be about 1 equivalent. 


| 
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gens contain C-terminal amino acids which are not identifiable by the 
present methods of C-terminal group analysis or that they contain no free 
a-carboxyl grouping. 

Since the initial reports of a C-terminal lysine in DIP-trypsin (19) were 
in conflict with the negative results reported by chemical methods (18), a 
more complete study in which carboxypeptidase B was employed was un. 
dertaken. The experimental results indicate that many preparations of 
commercial trypsin, although crystalline, are chemically heterogeneous. 
These data support the findings that most of the tryptic activity remains 
intact during the initial stages of autolysis (20) and suggest that perhaps 
the trypsin molecule is held intact by chemical cross-linkages during the 
initial stages of autolysis. On the other hand, trypsin resulting from a more 
rapid activation of trypsinogen contains virtually no lysine available to 
carboxypeptidase B. This is compatible with the hypothesis of Davie and 
Neurath that the hydrolysis of the ...lys.isoleu bond in trypsinogen 
coupled with release of hexapeptide is sufficient to impart enzymatic ac- 
tivity (11). 

The C-terminal sequence of amino acids of DIP-r-chymotrypsin hereto- 
fore inferred to be ...leu.ser.arg (7) has now been verified through the 
use of carboxypeptidase B coupled with carboxypeptidase A. Since the 
best preparations of carboxypeptidase B to date contain a minimum of 4 
per cent carboxypeptidase A contamination (1), the appearance of trace 
quantities of other amino acids is probably attributable to the latter en- 
zyme. The appearance of small quantities of leucine following incubation 
of DIP-r-chymotrypsin with carboxypeptidase A is indicative of small 
quantities of 6-chymotrypsin impurity (7). 

The results achieved with the performic acid-oxidized chick globin con- 
firm and extend to protein substrates the previous observation that C-termi- 
nal histidine is not removed by carboxypeptidase B (1). 

The few examples of C-terminal group analysis presented here as real- 
ized by carboxypeptidase B are only representative examples of the poten- 
tial value of this enzyme in protein and peptide structure studies. The 
use of carboxypeptidase B in conjunction with other methods opens the 
way to C-terminal sequence analysis of peptides obtained during tryptic 
digestion of protein material as exemplified by elucidation of the C-termi- 
nal sequence of DIP-r-chymotrypsin. 


® One significant side light of the specificity of carboxypeptidase B is the release 
of S-(8-aminoethyl)cysteine from a tryptic digest of beef insulin which had been 
reduced and allowed to react with 8-bromoethylamine as outlined by Lindley (21). 
Tietze et al. (22). 
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SUMMARY 


The specificity requirements of a new proteolytic enzyme, carboxypep- 
tidase B, have been examined by employing protein substrates. The en- 
zyme hydrolyzes lysine and arginine, but not histidine, from the carboxyl 
terminal position of polypeptide chains. It can therefore be used to de- 
termine carboxyl terminal lysyl and arginy] residues in proteins and poly- 
peptides. 


The authors wish to acknowledge the technical assistance of Miss Emilie 
XN. Smith. Our thanks are also due to Dr. K. Laki for his valuable dis- 
cussions during the course of this work. 
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SCREENING METHOD FOR GLUCOSE OF BLOOD SERUM 
UTILIZING GLUCOSE OXIDASE AND AN 
INDOPHENOL INDICATOR 


By LEONARD A, DOBRICK 
Wits tHe Tecunicat Assistance or Herpert A. HAarRRER 


(From the Bureau of Laboratories of the Milwaukee Health Department, 
Milwaukee, Wisconsin) 


(Received for publication, October 9, 1957) 


Approximately 80,000 blood specimens are submitted to this bureau 
annually for syphilis serology testing, and it was proposed! that these speci- 
mens be further employed for purposes of diabetic screening. To carry 
out this type of program, it was desirable to devise a rapid method for the 
mass determination of glucose levels in blood serum. This paper describes 
such a method. 

It is well known that established methods which require a protein-free 
filtrate are generally unsuited for the estimation of blood glucose on a 
large scale. Wilkerson and Heftmann (1), however, have devised a screen- 
ing method which, with the aid of special apparatus, has been successfully 
applied to the routine examination of large numbers of specimens. 

In recent years, the enzyme, glucose oxidase, has been employed toward 
a4 more accurate appraisal of glucose in biological fluids (2). Through 
the manometric measurement of oxygen uptake, Keilin and Hartree (3) 
have demonstrated that the oxidation of glucose proceeds specifically and 
quantitatively in the presence of this enzyme. The hydrogen peroxide 
liberated in the reaction has been utilized by a recently marketed paper 
tape to yield a chromogenic oxidation product, the color intensity of which 
is semiquantitatively proportional to glucose concentrations in urine and 
blood plasma (4). 

The method described herein is based upon our independent finding that 
the oxidation-reduction indicator, 2 ,6-dichlorobenzenone-indophenol, can 
replace molecular oxygen as the hydrogen acceptor in the glucose-glucose 
oxidase reaction. The literature discloses, however, that this finding in 
fact had only confirmed earlier observations (5). In demonstrating that 
under anaerobic conditions a quantitative as well as a qualitative relation- 
ship exists between glucose oxidized and indophenol reduced, a new method 
is evolved which is particularly applicable to the mass screening of glucose 
levels in blood sera. 


‘Proposed by Dr. Walker L. Loving, Director, Bureau of Laboratories. 
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EXPERIMENTAL 
Materials and Method 


Reagents— 

1. Stock indicator. 100 mg. of sodium 2,6-dichlorobenzenone-indo- 
phenol (Eastman 3463) are accurately weighed and diluted to 100 nl. 
with dilution reagent given below (1 ml. = 1000 y of indophenol)? 

2. Dilution reagent. 250 ml. of an aqueous solution are prepared to 
contain 40 per cent v/v propylene glycol, 1 per cent v/v ethyl alcohol, 
and 0.2 per cent w/v sodium bicarbonate. 

3. Screening indicator. This solution is made up in accordance with 
the day’s requirements. A preparation from standardized stock is given 
under ‘Procedure,’ Step II. 

4. Stock enzyme. A stable buffered glucose oxidase preparation con- 
taining 750 units per ml. (Fermco Chemicals, Inc., Chicago, Illinois). 

5. Stock buffer, pH 4.6. 14.0 gm. of citric acid-1 H,O and 16.6 gm. 
of anhydrous disodium hydrogen phosphate are diluted to 100 ml. with 
water and mixed with slight warming until dissolved. 

6. Buffer-enzyme mixture. By volume, 6 parts of stock buffer, pH 
4.6, are mixed with 3 parts of water and 1 part of stock enzyme. 

_ 7. Stock glucose standard. An accurately prepared 1 per cent w/v glu- 
cose solution in 0.6 per cent w/v sodium fluoride. 

8. Glucose working standards. Aliquots of stock glucose are diluted 
with 0.6 per cent sodium fluoride to give desired concentrations. 

9. Light petroleum oil. 

A pparatus— 

Test tubes (125 mm. X 15 mm.) are used and into each is placed a small 
glass stirring rod (about 20 mm. X 3 mm.) for mixing purposes. 


Procedure 


Step I: Standardization of Stock Indicator; Leuco Point at 100 Mg. per 
100 Ml. Glucose Level—A series of five test tubes is arranged in a metal 
rack with dimensions suitable for keeping the tubes in a vertical position. 
To each tube is added 0.5 ml. of glucose working standard (100 mg. per 
100 ml.), followed by 1 ml. of light petroleum oil. To the first tube is 
added 0.60 ml. of stock indicator. Successively increasing amounts, in 
increments of 0.04 ml., are placed in the four succeeding tubes, resulting 
in the concentrations of indophenol which range from 600 y through 
760 y. Each tube now receives an appropriate volume of dilution 


* Formula weight, 340 (sodium 2,6-dichlorobenzenone-indophenol-2.78 H,O) as 
determined iodometrically. 
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reagent so that the combined volume of indicator and dilution reagent 
in each instance totals 1.5 ml. 0.5 ml. of buffer-enzyme mixture is finally 
added to each of the five tubes. 

The rack is now rotated in a horizontal plane to insure mixing of the 
reagents. It is placed in a water bath at 37-40° and again mixed at 15 
minute intervals. After a 30 minute reaction period, the point of delinea- 
tion between colored and colorless (leuco) solutions is observed. Hence- 
forth, this demarcation will be referred to as the leuco point. It repre- 
sents the maximal amount of indophenol that is visibly reduced to the 
leuco state by 0.5 ml. of glucose standard under specified conditions. In 
our experiments the leuco point for a glucose concentration of 100 mg. per 
100 ml. was established as requiring 0.64 ml. of indicator or 640 y of indo- 
phenol. By starting with lesser or greater amounts of stock indicator, 
the leuco points of lower or higher concentrations of glucose can be simi- 
larly established. 

Step II: Preparation of Screening Indicator at 100 Mg. per 100 Ml. Glu- 
cose Level—A screening indicator solution is prepared so that each 1.5 ml. 
aliquot contains 60 y of indophenol in excess of the established leuco point. 
Consequently, for purposes of screening at the 100 mg. per 100 ml. of glu- 
cose level, the stock indicator is diluted with dilution reagent to an indo- 
phenol concentration of 700 y per 1.5 ml. With this volume added to each 
tube, only sera containing glucose in excess of the screening level will 
exhibit colorless reaction products. In a like manner a screening indicator 
can be prepared for any desired glucose level. 

Step IIT: Screening at 100 Mg. per 100 M1. Level—For the actual test a 
single tube is employed for each specimen. For maximal efficiency, forty 
to fifty specimens should be screened. The mechanics are essentially the 
same as in Step I. Specimens and reagents are added in the following 
order: 0.5 ml. of serum, 1 ml. of light petroleum oil, 1.5 ml. of screening 
indicator, and 0.5 ml. of buffer-enzyme mixture. 

At the end of the reaction period, the tubes are scanned for changes in 
color which may range from a practically unchanged deep blue to light 
blue, to colorless, indicating glucose levels below 100 mg. which approxi- 
mate 100 mg., and above 100 mg. per 100 ml., respectively. 


Results 
Quantitative Relationship between Glucose Oxidized and Indophenol Reduced 


The leuco points of eight glucose standards with concentrations ranging 
from 40 through 180 mg. per 100 ml. were determined at increments of 
20 mg. On plotting micrograms of glucose oxidized against micrograms 
of indophenol reduced to the leuco state by each of the eight standards, a 
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linear quantitative relationship, as shown by lig. 1, Curve I, becomes 
apparent. The curve further indicates that, for every increment of 100 
parts of glucose oxidized, there is a corresponding increment of 180 parts 
of indophenol reduced. 

Whereas 1 mole of glucose (formula weight 180) will theoretically reduce 
1 mole of sodium 2,6-dichlorobenzenone-indophenol (formula weight 340) 
on plotting their stoichiometric relationship, the slope of the resulting 
curve (Fig. 1, Curve IT) is found to be nearly identical with the curve 
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Fic. 1. Maximal amount of indophenol reduced to leuco state with increasing 
amounts of glucose. 


obtained experimentally. From this close resemblance, it is inferred that 
the incremental ratio between glucose oxidized and indophenol reduced 
corresponds to the stoichiometric ratio. 

Concordant results were obtained on substituting glucose serum stand- 
ards* for aqueous standards. It seems, therefore, that the protein of 
blood serum does not affect the over-all reaction between indophenol and 
glucose. Accordingly, for screening blood sera, a protein correction is not 
required when aqueous glucose standards are applied to the standardiza- 
tion of the indophenol indicator. 


’ Prepared by diluting appropriate amounts of stock glucose standard with a 
pooled glucose-free serum. 
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Reduction of Indophenol by Serum Substances Other Than Glucose 


70 human blood sera were tested to determine the amount and extent 
of indophenol-reducing substances other than glucose in different speci- 
mens. Except for the omission of glucose oxidase, this examination was 
conducted under conditions of the actual screening method. The screen- 
ing indicator was adjusted to contain 40 y of indophenol per 1.5 ml. The 
amount of indophenol remaining after the reaction period was ascertained 
by comparisons with previously prepared indicator solutions containing 
from 5 y through 40 y of indophenol at intervals of 5 y. The difference 
between the amount of indophenol originally added and the quantity re- 
maining became a measure of the indophenol reduced. Because glucose 
oxidase was not used, any reduction of indophenol was, in this instance, 
attributed to substances other than glucose. 


TaBLe I 


Amount and Extent of Indophenol Reduced by Substances Other Than 
Glucose in 70 Individual Blood Serum Specimens 


No. of specimens | Indophenol added | a - | Indophenol reduced | Specimens of total 
16 | 40 40 0 22.9 
7 40 35 5 10.0 
42 40 | 30 10 60.0 
40 | 25 15 1.4 
H 20 20 5.7 


40 

On referring to Table I, it may be noted that 93 per cent of the speci- 
mens reduced 10 y or less of indophenol, whereas the remaining 7 per cent 
reduced a maximum of 20 y. In terms of glucose, the maximal error due 
to reducing substances other than glucose is approximately 2 mg. per 100 
ml. and the most probable error only 1 mg. per 100 ml. 


Screening of Blood Sera 


Preliminary investigation revealed that bloods for serosyphilitie exami- 
nation were usually drawn 18 to 24 hours before testing. During this 
interval, it was observed that glycolysis occurred in normal bloods to the 
extent that their serum glucose values fell below 100 mg. per 100 ml. On 
the other hand, blood from known diabeties, with original glucose concen- 
trations of 160 mg. per 100 ml. or more, still yielded, after 24 hours at 
room. temperature, serum glucose values exceeding 100 mg. per LOO mi. 
Our choice for screening at the 100 mg. glucose level is based on these ob- 
vrvations. The method, it may be emphasized, can be easily adapted 
to screen at any other desired level of glucose. 
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Of the 187 specimens screened, 89 per cent showed a decidedly blue 
color (negative, <100 mg. per 100 ml.), 6 per cent light blue (borderline, 
100 mg. per 100 ml. +10), and 5 per cent colorless (positive, > 100 mg. 
per 100 ml). 

For purposes of comparison with the Somogyi-Nelson method (6, 7), 
random samples were chosen from specimens showing negative reactions, 
Those specimens showing borderline or positive results, however, were 
taken in their entirety for analysis. 

From data given in Table II, the method is observed to be reliable to 
within 10 mg. of the designated screening level. Every tube which ex- 
hibited color possessed a glucose concentration which in no instance ex- 
ceeded the screening level by more than 7 mg. All colorless tubes had 


TaBLeE II 


Blood Sera Screened at 100 Mg. per 100 M1. Glucose Level Compared with Quantitative 
Values Determined by Somogyi-Nelson Method 


| Screening method ‘Somogyi-Nelson method 
No. of | |Specimens appraised 
Color observed Glucose (appraised) | | — 
mg. per 100 ml. | mg. per 100ml. percent 
14" Blue < 100 42-93 | 100 
12 | Light blue 100 + 10 87-107 | 93 


9 | Colorless > 100 106-145 | 100 


* Representative of 166 negative specimens. 


glucose concentrations which, in every case, were greater than the screen- 
ing level. 

Plasma, from a limited number of oxalated whole bloods, was screened 
in the same manner as serum. Our findings indicate that the method is 
equally applicable to blood plasma. 

DISCUSSION 

With the exception of substituting indophenol for molecular oxygen as 
the hydrogen acceptor, the reactions involved in the foregoing experiments 
are believed to be similar to those proposed by earlier investigators. 

The reactions may be represented as follows: glucose + glucose oxidase 
= gluconolactone + glucose oxidase H.; gluconolactone + water. = glu- 
conic acid; glucose oxidase H. + indophenol = glucose oxidase + reduced 
indophenol; over-all reaction = glucose + indophenol + water = glu- 
conic acid + reduced indophenol. 

Reagents containing indicator, enzyme, or glucose should be stored at 
refrigerator temperature. Because there is a slight degradation of the 
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stock indicator over a period of about 2 weeks, it is advisable to determine 
the leuco point before each day’s run. After an elapse of a month, this 
reagent should be freshly prepared. 

At pH 4.6, the indicator assumes a decidedly red-violet hue which in the 
presence of serum changes to a strong blue-violet. The difference in color 
is believed to be due to a loose attachment of the dye to the protein of the 
serum. 

Because no further color changes could be discerned at the end of 30 
minutes, this time was taken as the period of completed reaction. 

Having determined the leuco point for the desired screening level, an 
individual may easily screen forty serum specimens in 0.5 hour of working 
time. 


SUMMARY 


1. It has been demonstrated that a direct quantitative linear relation- 
ship exists between glucose oxidized and indophenol reduced. The inter- 
relation is such that for every increment of 100 parts of glucose oxidized 
there is a corresponding increment of 180 parts of indophenol reduced. 
This incremental ratio approaches stoichiometric proportions. 

2. A method is described which is particularly applicable to the mass 
screening of blood serum glucose. The operational step of removing pro- 
tein is eliminated. Glucose concentrations of serum or plasma can be 
directly classified, with a reliability of 10 mg. per 100 ml., as being above 
or below any predetermined screening level. 
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FAT METABOLISM IN HIGHER PLANTS 


X. MODIFIED 6 OXIDATION OF PROPIONATE 
BY PEANUT MITOCHONDRIA 


By J. GIOVANELLI* anv P. K. STUMPFTt 


(From the Department of Agricultural Biochemistry, University of California, 
Berkeley, California) 


(Received for publication, July 19, 1957) 


In animal tissue the oxidation of propionate occurs by a preliminary 
carboxylation of propionyl CoA! to methyl malonyl CoA, which rearranges 
to succinyl CoA (1). Evidence has been presented for the enzymatic con- 
version of acrylyl CoA to B-alanyl CoA by extracts of Clostridium pro- 
pionicum (2) and of acrylyl pantetheine to lactoyl pantetheine by extracts 
of Pseudomonas (3). In the course of investigating the capacity of peanut 
mitochondria to oxidize homologues of acetic acid, it was observed that 
the C4 of propionate-1-C™ was rapidly released as C™O. (4). In a pre- 
liminary communication (5), we described briefly the properties of this 
system which oxidized propionate presumably by the following pathway: 


CH,CH,COOH 


CH,OHCH.COOH 


“HOOCCH,” | 


Krebs cycle acids CO, 


The present paper describes in detail the properties of the system ox- 
idizing propionate-1-C™ to C’O. and the evidence in support of the pro- 
posed mechanism of propionate oxidation. 


* Present address, MeCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore 18, Maryland. 

t Supported in part by a grant from the National Science Foundation. 

‘The following abbreviations are used: Tris, 2-amino-2-hydroxymethyl-1,3-pro- 
panediol; BAL, 2,3-dimereapto-l-propanol; KDTA, ethylenediaminetetraacetic 
acid; DPN, diphosphopyridine nucleotide; TPN, triphosphopyridine nucleotide; 
AMP, ADP, ATP, CMP, CTP, UTP, ITP; phosphate derivatives of adenosine, cy- 
tosine, uridine, and inosine; GSH, glutathione (reduced); TPP, thiamine pyrophos- 
phate; CoA, coenzyme A; a-KG, a-ketoglutarate; OH-propionate, 8-hydroxypropio- 
nate; TCA, trichloroacetic acid; DNP, 2,4-dinitrophenol. 
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Materials and Methods 


Preparation of Mitochondria—M itochondria were prepared from cotyle- 
dons of germinating peanuts as described previously (6), except that the 
cotyledons were homogenized in a 0.5 M sucrose-0.2 M Tris buffer, pH 7.2, 
containing 0.0005 per cent BAL. EDTA-preincubated mitochondria were 
prepared by suspending unwashed mitochondria in 5 ml. of 0.5 m_ Tris 
buffer, pH 7.2, containing 100 uwmoles of EDTA. This suspension was 
incubated for 15 minutes at 25°. Approximately 40 ml. of 0.5 M sucrose- 
0.2 m Tris buffer, pH 7.2, at 4° were then added to the mitochondrial sus- 
pension, which was recentrifuged at 10,000  g for 30 minutes. The mito- 
chondrial pellet was finally suspended in 0.5 mM sucrose-0.2 M Tris buffer, 
pH 7.2, and used immediately. 

Substrates—Sodium propionate-l- and -2-C' were obtained from the 
Volk Radiochemical Company, Chicago. Propionate-3-C™ was a gift from 
Dr. H.G. Wood. Enzymatically prepared 6-hydroxypropionate-1-C" and 
-2-C' were eluted from paper chromatograms of the reaction products of 
propionate-1-C™ and propionate-2-C™ oxidation, respectively. 

Cofactors -DPN, AMP, ADP, CMP, CTP, and UTP were purchased 
from the Pabst Laboratories, Milwaukee, TPN, ATP, ITP, and cyto- 
chrome c from the Sigma Chemical Company, St. Louis, GSH from the 
Nutritional Biochemicals Corporation, Cleveland, TPP from the Califor- 
nia Foundation for Biochemical Research, Los Angeles, CoA from either 
the Pabst Laboratories or the Sigma Chemical Company, bovine plasma 
albumin and bovine plasma globulin from The Armour Laboratories, Chi- 
eago, and BAL from the Boots Pure Drug Company, Ltd., Nottingham, 
England. 

Preparation of B-Hydroxypropionate and B-Hydroxypropionyl H ydrox- 
amate—OH-propionate was prepared by alkaline hydrolysis of either the 
methyl ester or the B-lactone of 8-hydroxypropionic acid. The product 
obtained from the double distilled methyl ester? showed only one acid 
component (R»r 0.25) when chromatographed on paper* in a solvent of 
95 per cent ethanol-ammonia, L00:1, vv (7). The propionolactone was 
hydrolyzed with an equimolar quantity of KOH, acidified, and extracted 
overnight with ether. Paper chromatography in isoamy! alcohol satu- 
rated with 4 ~ formic acid (isoamyl alecohol-4 x formic acid) (8) indicated 
two components, the major component being OH-propionate (F?» 0.57). 
Another acid, which migrated slightly faster than OH-propionate, appeared 
in amounts less than 5 per cent of the total acid. This contaminating 
acid was not identified, and no attempt was made to remove it from the 
solution. 


? Kindly donated by Mr. L. L. Pizer. 
* Whatman No. 1 paper was used for all chromatograms. 
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The hydroxamate of OH-propionate was prepared by the action of hy- 
droxylamine on the 6-hydroxypropionic methyl ester in alkaline solution 
(9). About 0.02 ml. of the methyl ester was treated with | ml. of a mix- 
ture of equal volumes of 2 N hydroxylamine hydrochloride and 3.5 N sodium 
hydroxide and allowed to stand | to 2 minutes at room temperature. ‘The 
hydroxamate was acidified with 6 N hydrochloric acid and evaporated in 
a flash evaporator, and the residue was extracted with acetone. An aliquot 
of this acetone extract was chromatographed on paper with water-satu- 
rated butanol as the developing solvent and sprayed with a 1 per cent 
solution of ferric chloride in 0.1 N hydrochloric acid. A strong purple 
spot at Ry 0.33 and a weak purple spot at Ry 0.08 appeared. — It is assumed 
that the strong spot, Ry 0.33, is the hydroxamate of OH-propionate. 

The same method was used for the preparation of the hydroxamate of 
the radioactive intermediate of propionate-C™ oxidation. The methyl 
ester was synthesized by treating an anhydrous ether solution with 30,000 
«p.m. of OH-propionate-2-C (prepared enzymatically) and 20 umoles of 
OH-propionate carrier (both as free acids) with a solution of diazomethane 
(10). Carboxylic acids react rapidly with diazomethane, whereas the reac- 
tion with alcohols is extremely slow (11). Methylation of OH-propionate 
would therefore be expected to proceed exclusively at the carboxyl group. 
After 5 minutes at room temperature, the ether solution was evaporated 
almost to dryness in an air stream. The radioactive methyl ester of OH- 
propionate-2-C'* was then converted to its hydroxamic acid, as described 
above. 

Isolation and Counting of Radioactive Compounds— The enzymatic ox- 
idation of radioactive substrates was followed in conventional Warburg 
cups as already outlined. The extent of oxidation was expressed as the 
percentage, BaC™QOs; (¢.p.m.) & 100 per substrate (¢.p.m.). 

The pyruvate pool was isolated as the 2 ,4-dinitrophenylhydrazone. The 
reaction mixture containing the pyruvate pool was first deproteinized by 
the addition of 0.5 ml. of 50 per cent TCA. Protein was removed by cen- 
trifugation and washed once with 3 ml. of 6 N sulfurie acid. The super- 
natant and wash solutions were combined and treated with 3 mil. of a solu- 
tion of 1 per cent w/v 2,4-dinitrophenylhydrazine in 6 N sulfurie acid and 
left overnight, and the precipitate of hydrazones was separated from the 
supernatant solution by decantation. The precipitate of hydrazones was 
dissolved in ethyl acetate and an aliquot chromatographed in n-butanol- 
95 per cent ethanol-0.5 N ammonium hydroxide, 7:1:2, vv (12). Almost 
all of the hydrazone migrated as a spot which corresponded exactly in posi- 
tion to an authentic sample of 2 ,4-dinitrophenylhydrazone of pyruvate. 
This spot was eluted from the chromatogram and placed in a hydrogena- 
tion flask together with approximately 70 mg. of Adams’ catalyst (plati- 
hum oxide obtained from J. Bishop and Company, Malvern, Pennsylvania). 
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Catalytic reduction of the hydrazone was performed in a Parr hydrogena- 
tor at 30 pounds pressure per sq. in. for 6 hours. After hydrogenation, an 
aliquot of the solution was chromatographed in water-saturated phenol 
(13). When the chromatogram was sprayed with ninhydrin, one spot was 
observed which corresponded in position to an authentic sample of alanine. 

Labeled propionate, OH-propionate, and the Krebs cycle acids were 
isolated and counted as follows. The reaction mixture was acidified with 
an equal volume of saturated potassium acid sulfate and extracted with 
ether overnight. The ether extract was then concentrated to a small vol- 
ume on a steam bath. To prevent loss of volatile acids, a stream of am- 
monia was bubbled through the ether extract during the evaporation. The 
concentrated ether extract was applied as a spot to the origin of a paper 
chromatogram placed over a vessel of concentrated ammonia. <A stream 
of air was applied cautiously to dry the spot. The chromatogram was 
developed in 95 per cent ethanol-concentration of ammonia, 100:1, v/y, 
and then sprayed with 0.5 N potassium hydroxide before the solvent had 
completely dried, to fix volatile acids on the paper as their potassium salts. 
Radioactive areas were determined by placing the chromatograms in con- 
tact with 14 inch X 17 inch Eastman medical ‘no screen” x-ray film for 
varying periods of time. For a quantitative comparison, the radioactive 
areas were cut into strips 23 mm. wide. These strips were then fed man- 
ually through a Geiger-Miller counter by using an aluminum adaptor 
which exposed a surface 23 & 23 mm. to the Geiger-Miller tube. Counts 
obtained in this manner are denoted as “‘counts on paper.” 

The Krebs cycle acids migrate very slowly in the ethanol-ammonia sol- 
vent used for separating the products of propionate oxidation. In order 
to separate and count the Krebs cycle acids they were first eluted from the 
origin of the ethanol ammonia chromatogram. The eluate was_ then 
treated with Dowex 50 H* to obtain the free acids, which were chromato- 
graphed in isoamy! alcohol-4 formic acid. 

When only non-volatile acids were to be isolated, the reaction mixtures 
were acidified with potassium acid sulfate and extracted overnight with 
ether. The ether extract was evaporated without exposure to ammonia 
and counted. 

Degradation of Radioactive Compounds—The oxidation of OH-propionate- 
1-C™ and -2-C™ to malonate-C™ was performed according to the method 
given by Arnoff (14) for the oxidation of lactate to acetate and COk.. 

Degradation of the radioactive “dicarboxylic acid” is based on the ob- 
servation that malonic acid is decarboxylated to acetate and CO, at 140° 
(15). The radioactive acid, together with 5 umoles of carrier malonic acid, 
was heated at 140° for 60 minutes in a stream of nitrogen. The products 
of the degradation, acetate and COs, were collected by passing the efflu- 
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ent gas first through a “dry ice’’-ethanol trap and then through a 20 per 
cent potassium hydroxide trap. 

Succinate was degraded by pyrolysis of the barium salt (16). The stoi- 
chiometry of the reaction is not clear but is assumed to be analogous to 
the pyrolysis of barium acetate, in which 2 moles of barium acetate yield 
1 mole of barium carbonate and | mole of acetone. Although consistently 
low yields were obtained, the method provided a qualitative test for radio- 
activity in the carboxyl and methylene groups of succinate. 

Methylene Blue Reduction under Anaerobic Conditions—An OH -propionate- 
dependent reduction of methylene blue was observed in a reaction mixture 
containing 0.25 ml. of mitochondria, 10 wmoles of TPN, and 0.2 umole of 
methylene blue; total volume, 1.51 ml. The reaction mixture without en- 
zyme was added to a 75 X 8 mm. test tube which was flushed with nitro- 
gen and stoppered. Enzyme was then carefully introduced so that the 
nitrogen phase remained undisturbed. The tube was restoppered and 
shaken, and the reduction time of methylene blue was recorded at 37°. 


Results 


Properties of System Oxidizing Propionate-1-C™ to CO, 


Cofactor Requirements—Oxidation of propionate-1-C' to by peanut 
mitochondria is dependent on ATP and CoA. DPN, TPN, GSH, a-KG, 
and Mnt* stimulate the oxidation (Table I) to varying degrees. Cyto- 
chrome c and TPP are not required. 

The effect of ATP and CoA concentration on propionate oxidation is 
shown in Fig. 1. An approximate A,, of 5.9 K 10°°m for ATP and 7 X 
10-° m for CoA is obtained by determining the cofactor concentration re- 
quired for half maximal activity. 1 wmole of either ADP or AMP can 
substitute effectively for ATP. However, 1 umole of CTP, CMP, UTP, 
or ITP would not replace the adenosine nucleotides. Since oxidation of 
propionate is stimulated by TPN, although slightly, in the presence of 
non-limiting concentrations of DPN, the oxidation of propionate may in- 
volve both a DPN- and a TPN-dependent oxidation. The presence of a 
Krebs cycle acid is essential for activity. Of the acids tested, a-KG and 
citrate are the most effective (Table II). The addition of 0.1 umole of 
DNP to the reaction mixture inhibits oxidation by 90 per cent (Table IIL). 
Since a high concentration of ATP (10 wmoles) does not replace the re- 
quirement for a Krebs cycle acid, these acids probably play at least a dual 
role in propionate oxidation. Thus the Krebs eycle acids may generate 
ATP by oxidative phosphorylation and, in addition, act as an acceptor for 
acetate units. GSH cannot be replaced by thioglycolate, cysteine, sodium 
sulfide, BAL, or thiomalate. The specificity of this requirement has not 


aun 
10] 
“as 
ie, 
Te 
th 
th 
ol- 
n- 
he 
eT 
m 
as 
id 
or 
n- 
ts 
h 
1, 


416 OXIDATION OF PROPIONATE 


been investigated further. The requirement for Mn** cannot be replaced 
by Mgtt, Cat+, Fet+, Cot*, (MoO,*), or Zn**. The high oxidation in 


Taste 
Cofactor Requirements for Oxidation of Propionate-1-C™ to CO, 

The complete reaction mixture contained 0.1 wmole of propionate-1-C'* (5500 
c.p.m.); 0.5 ml. of mitochondria (approximately 22 mg. of protein)* in 0.2 m Tris-0.5 
M sucrose, pH 7.2, containing about 5 XK 10°? per cent BAL; 10 smoles of phosphate 
buffer, pH 7.1; 1 wmole of ATP; 0.3 umole of CoA; 0.2 umole of DPN; 0.1 umole of 
TPN; 5 umoles of GSH; 1 umole of a-KG; 1 wmole of MnS0O,; 0.2 ml. of 20 per cent 
KOH in the center well; 0.3 ml. of 10 m sulfuric acid in the side arm. The volume 
of the reaction mixture was made up to 1.7 ml. with 0.4to0.5 ml. of 01M KCl. The 
time of incubation was 2 hours and the temperature 25°. 


Components Oxidation Components Oxidation 


per cent per cmt 
Complete 24 Without TPN 21 
Without ATP 1 - GSH 17 
CoA 2 Mn8S0), 20 
DPN 14 a-KG 5 


-_— 


* Micro-Kjeldahl estimations were kindly performed by Mr. T. Kosuge. 
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Fic. 1. Effect of ATP and CoA concentration on propionate oxidation. The re- 
action mixture and conditions are those shown in Table I, except that ATP and CoA 
concentrations were varied as shown. 


the absence of any metal suggested that the mitochondria contain an ap- 
preciable amount of bound metal. When EDTA-preincubated mito- 
chondria were used, it could be demonstrated that Mgt* and Co**, in 
addition to Mn**, stimulate propionate oxidation. 
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Other Properties—The propionate concentration required for half max- 
imal activity is approximately 1.2 K 10°° mM. The activity was tested 
between the range of pH 4.8 to 9.0 and found to be at a maximum at pH 
7.0. The enzyme system is extremely unstable. A mitochondrial sus- 
pension in 0.5 M sucrose-0.2 Tris buffer, pH 7.2, has a half life of 1 hour at 
25° and 2 hours at 0°. The activity of a mitochondrial suspension is de- 
stroyed by heating at 100° for 10 minutes and by prolonged freezing, fol- 
lowed by rapid thawing. Bovine plasma albumin and bovine plasma glob- 


Tasie Il 
Effect of Krebs’ Cycle Acid on Propionate-1-C™ Oxidation 


Krebs’ cycle acid Relative rate | Krebs’ cycle acid 


| Relative rate 
per cent | per cont 
None | 30 | Malate | 53 
Citrate 100 | Pyruvate | 45 
Succinate | 85 | a-KG 100 


| The reaction mixture and conditions are those described in Table I, except that 
the sparker was substituted as shown. The relative rate is calculated on the basis 
that the rate of oxidation in the presence of a-KG is 100 per cent. 


Taste III 
Effect of Malonate, Fluoride, and DNP on Propionate-1-C™ Oxidation 
“ per cent 
Fluoride. 3x 10°% 8 


The reaction mixture and conditions are those described in Table I, except that 
inhibitors were added as shown. 


ulin, at a final concentration of 1 per cent, w/v, caused a slight increase 
in oxidation. 

If nitrogen is used as the gas phase, the release of CO: is completely 
inhibited. The reaction clearly requires oxygen and involves an oxida- 
tion and a decarboxylation either in sequence or simultaneously. 

Properties of Unidentified Heat-Stable Cofactor in Supernatant Solution— 
An unidentified cofactor present in the supernatant solution obtained from 
the first centrifugation of mitochondria at 10,000 * g was observed to 
stimulate oxidation of propionate-1-C™ to C“O, by washed mitochondria. 
The addition of 1 ml. of supernatant solution per vessel stimulates the 
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oxidation approximately 100 per cent. This cofactor is heat-stable and 
is adsorbed on Dowex 50 H*. It is not adsorbed by Dowex 1 OH~ or by 
charcoal. Ashing the supernatant solution overnight at 621° destroys the 
cofactor, thereby eliminating the possibility that the cofactor is a metal, 
Since the cofactor is not extracted by continuous ether extraction at pH 1, 
7, or 10, the absence of an ether-soluble acid, neutral compound, or base 
is indicated. The function of this cofactor in propionate oxidation was not 
examined further. 

Effect of Inhibitors—The effect of DNP, malonate, and fluoride on the 
system is shown in Table III. DNP at a final concentration of 6 & 10-*™ 
completely inhibits the oxidation. Malonate, at a final concentration of 
1.2 X 10°*M, has little effect on the activity, while at 6 & 10°? M the actiy- 
ity is reduced by 40 per cent. Fluoride at a final concentration of 3 x 
10° * m inhibits slightly. Evidence of Flavin ef al. (17) suggests that fluo- 
ride reacts with an “activated CO, complex”? which normally combines 
with propionyl CoA to form methyl malonyl CoA, and thence succiny! 
CoA. It might therefore be expected that, if propionate is metabolized 
via methyl malonate and succinate, fluoride should decrease propionate 
oxidation by competing with propionyl CoA for the “activated CO, com- 
plex.” In addition, malonate should decrease propionate oxidation by 
inhibiting the oxidation of succinate. The failure of fluoride and malonate 
to inhibit the oxidation of propionate-1-C™ to C™O, suggests that carbox- 
ylation of propionate to methyl malonate and succinate may not oceur. 


Mechanism of Propionate Oxidation 


Test for Carbon Dioxide Fixation—lf the methyl malonate pathway of 
Flavin et al. is operative, then a propionate-dependent carbon dioxide fix- 
ation should occur. In a complete reaction mixture, | wmole of unlabeled 
propionate was oxidized in the presence of 1.2 wmoles (159,000 ¢.p.m.) of 
potassium carbonate. Incorporation of radioactivity into the Krebs cycle 
acids was low and independent of the presence of propionate. If 1 umole 
of malonate was added so that any radioactive succinate formed from 
propionate would accumulate, no increase in the C-labeled Krebs cycle 
acids could be detected. The failure to demonstrate a fixation of C™O; 
during the oxidation of propionate suggests that carboxylation of propi- 
onate does not occur. 

Methyl Malonate, Succinate, and Pyruvate As Trapping Agents—50 pmoles 
of methyl malonate, succinate, and pyruvate were added in separate ex- 
periments to reaction mixtures which oxidize 7.4 wmoles of propionate- 
1-C™ (1,520,000 ¢.p.m.) and the reaction was allowed to proceed for 2 
hours. Based on manometric measurements, approximately 36 ymoles 
of succinate, 8 uwmoles of pyruvate, and 4 wmoles of methyl malonate, 
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respectively, were oxidized. In the reaction mixture containing the pyru- 
vate pool, 2,4-dinitrophenylhydrazone of the pyruvate was isolated and 
identified both by paper chromatography and by catalytic reduction to 
alanine. The pyruvate 2,4-dinitrophenylhydrazone had no radioactivity. 
In the experiment with the methyl malonate pool, an ether extract of the 
reaction mixture had negligible radioactivity. In the experiment with 
the succinate pool, an ether extract of the reaction mixture was radioactive. 
However, all the radioactivity could be separated from succinate by paper 
chromatography in 95 per cent ethanol-concentration of ammonia, 100:1, 
y v (Rp succinate, 0; Rp radioactive intermediate, 0.25). 

In summary, these results provide additional proof that propionate is 
not carboxylated directly to methyl malonate or succinate. Moreover, 
propionate is probably not converted to pyruvate by @ oxidation. How- 
ever in the succinate pool a new radioactive intermediate accumulates. 

Identification of B-Hydroxypropionic Acid As Intermediate—The radio- 
active compound isolated from the succinate pool was also observed to 
accumulate in an acid-ether extract of the oxidation products of propionate- 
1,2- or -3-C™. It was characterized as 8-hydroxypropionate by the fol- 
lowing observations. (a) The intermediate which occurs in propionate- 
2-C" oxidation, cochromatographed with authentic OH-propionate by 
using isoumyl alcohol-4 N formic acid in the first dimension (/?» 0.57) and 
5 per cent ethanol-concentration of ammonia-water, 80:4:16, vv, in the 
second dimension (/?» 0.39). (b) When the radioactive intermediate was 
oxidized with acid dichromate, a radioactive ‘dicarboxylic acid’ was 
formed. This “dicarboxylic acid” was identified as malonate by cochro- 
matography with authentic malonate in isoamyl alcohol-4 N formic acid 
(Rp 0.52). (ec) Esterification of the intermediate with diazomethane to 
form the methyl ester, and subsequent conversion with hydroxylamine to 
a hydroxamie acid, yielded a radioactive compound which cochromato- 
graphed with authentic OH-propionate hydroxamate. 

Appearance of Reaction Products of Propionate-C™ Oxidation As Function 
of Time-—In a complete reaction mixture, propionate-1-C"™ is utilized with 
the concomitant production of OH-propionate-1-C™ and C™O, (Fig. 2). 
No other radioactive reaction product could be detected. In a similar 
fashion, the utilization of propionate-2-C™ results in the appearance of 
OH-propionate-2-C"™ (Fig. 3). However, whereas the release of CO, from 
propionate-1-C™ proceeds linearly from zero time (lig. 2), there is a lag 
of approximately 60 minutes in C™O, release from propionate-2-C" (Pig. 3). 
Moreover, during the oxidation of propionate-2-C"™, the Krebs cycle acids, 
citrate, malate, succinate, and fumarate, become radioactive. These acids 
were identified by cochromatography with authentic samples of the Krebs 
eyele acids. The oxidation of propionate-3-C™ produces OH-propionate- 
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3-C and a mixture of labeled Krebs’ cycle acids. These acids were identi- 
fied by cochromatography with authentic samples of Krebs’ cycle acids, 
Again there is a lag of approximately 60 minutes in CO, release. In 
summary, radioactive OH-propionate is produced as an intermediate in 
the oxidation of propionate-1l-, -2-, and -3-C™. The C' from propionate- 
1-C™ is rapidly released as COs, whereas the release of C' as CO, from 
propionate-2-C™ and propionate-3-C"™ is retarded by its passage through 
the Krebs cycle. 


25000 F PROPIONATE 
A CPM 
“CARBON DIOXIDE PROPIONATE 
~o-/3-HY DROX YPROPIONATE 
KREBS CYCLE ACIDS 
20000 DIOXIDE 
= 
a \ 
UO 
HypRoxy- | '%°9° 
5000 PROPIONATE 
I20_ 60 240 480 
INCUBATION TIME (MIN) INCUBATION TIME (MIN) 
Fic. 2 Fic. 3 


Fic. 2. Appearance of radioactivity in reaction products of propionate-1-C" as a 
function of time. The reaction mixture and conditions are those described in Table 
I, except that 0.74 umole of propionate-1-C" (153,200 ¢.p.m.) was used as substrate. 

Fic. 3. Appearance of radioactivity in reaction products of propionate-2-C" as a 
function of time. The reaction mixture and conditions are those described in Fig. 2, 
except that 0.74 wmole of propionate-2-C™ (183,800 ¢.p.m.) was used as substrate. 
In Figs. 2 and 3, CO, was counted as the BaCQO, precipitate, propionate-1- and 
-2-C™ on paper. 


If carbons 2 and 3 of propionate are the source of the methyl and car- 
boxyl groups, respectively, of acetate, then CO, should be released more 
readily from propionate-3-C"™ than from propionate-2-C™. This is con- 
sistently observed (Table IV). In addition, succinate obtained from the 
oxidation of propionate-2-C"™ should be labeled exclusively in the methylene 
carbons, while succinate obtained from the oxidation of propionate-3-C" 
should be labeled exclusively in the carboxyl groups. Table V summarizes 
the experimental results which support this supposition. In view of this 
evidence it is postulated that the oxidation of propionate proceeds by way 
of the reaction sequence shown in Fig. 4. 
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Properties of OH-Propionate-Forming System—The conversion of propi- 
onate-2-C™ to OH-propionate-2-C™ is dependent on oxygen and is stimu- 
lated by ATP, CoA, and a-KG (Table VI). The enzyme catalyzing the 
formation of OH-propionate-1-C™ from propionate-1-C"™ is destroyed by 
prolonged freezing. The participation of ATP and CoA in the formation 


IV 
Comparison of Rates of Release of CO, from Propionate-1-, 2-, and 3-C™ 
Substrate Relative rate of oxidation*® 


The reaction mixtures and conditions are as those described in Table I, except 
that the substrates used were 1 ymole of propionate-1-C'* (5500 ¢.p.m.), 1 umole of 
propionate-2-C' (91,900 ¢.p.m.), and 1 wmole of propionate-3-C"™ (30,500 ¢.p.m.). 

* Based on appearance of C™O>». 


TABLE V 
Distribution of C™ in Succinate Derived from Propionate-2-C™ and Propionate-3-C™ 
C.p.m. in COs 
Substance degraded C.p.m. added . 
Found = Expected 
Sueceinate-1-C'™ (known sample).................... 3000 456 1500 
Suecinate-C™ from propionate-2-C™. 3230 0 
propionate-3-C™................ 1420 382 710* 


* This number of counts per minute would be expected if methylene-labeled sue- 
cinate was produced from propionate-2-C™ and if carboxyl-labeled succinate was 
produced from propionate-3-C™. 


of OH-propionate from propionate and for the oxidation of propionate 
1-C™ to COs is consistent with the following reaction sequence: 


Propionate + CoA propionyl CoA 


HO 


acrylyl CoA OH-propiony! CoA 


Metabolism of OH-Propionate—The C™“ of OH-propionate-1-C™ is ra- 
pidly released as C“O,. Although the oxidation is depressed by omitting 
cofactors, ATP is the only cofactor for which a consistent requirement 
could be demonstrated. The addition of boiled supernatant solution does 
not stimulate the oxidation. The conversion of OH-propionate-1-C" is 
an aerobic reaction; under anaerobic conditions the release of C“Os: is 
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greatly depressed. The activity of a mitochondrial suspension is com- 
pletely destroyed by prolonged freezing, followed by rapid thawing and 
by heating at 100° for 5 minutes. Malonate has little effect on the oxida- 
tion. As would be predicted from Fig. 3, the radioactivity of OH-propi- 
onate-2-C™ is slowly released as CO... In the oxidation of this compound 
the production of radioactive citrate, malate, succinate, and fumarate oe- 
curs. These acids were identified by cochromatography with authentic 
samples of the Krebs cycle acids. 

A rapid OH-propionate-dependent reduction of methylene blue can be 
demonstrated under anaerobic conditions at pH 9. However, since the 
experiments to test the requirements for either DPN or TPN were incon- 


Taste VI 
Effect of ATP, CoA, and a-KG on Conversion of Propionate-2-C™ 
to OH -Propionate-2-C™ 


Radioactivity of reaction products 
(c.p.m,. on paper) 


Cofactors 
| Unchanged pro-| | Krebs’ cycle 
pionate-2-C™ propionate acids 
ua’ | 19,440 | 1,830 2300 
| 8, 260 1270 
5. - (2), (3), (4).... . ..| 20,770 | 0 0 


The reaction mixture and conditions are those described in Table I, except that 
the substrate was 0.74 wmole of propionate-2-C'* (45,800 ¢.p.m.). Also, cofactors 
were omitted as shown above. 


sistent, no definite conclusion can be reached concerning the nature of the 
dehydrogenation. 

The intermediates involved in the oxidation of OH-propionate to the 
Krebs cycle acids have yet to be elucidated. The marked difference in 
the rate of C™O, release from propionate-1-C' and from propionate-3-C" 
points to the decarboxylation of an unsymmetrical intermediate. Dehy- 
drogenation of OH-propionate would probably yield malonic semialdehyde. 
The metabolism of malonic semialdehyde can be pictured as follows: 


(1) Malonic semialdehyde — CO, + acetaldehyde 
(2) Acetaldehyde + CoA — acetyl CoA + 2H 
(3) Malonie semialdehyde + CoA — malonyl CoA + 2H 


(4) Malonyl CoA — acetyl CoA + CO, 
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The spontaneous decarboxylation of methylmalonic semialdehyde has been 
reported (18). A DPN-specific dehydrogenase isolated from Clostridium 
kluyvert (19) catalyzes Reaction 2. Although there is no direct evidence 
for Reaction 3, enzymatic reduction of methylmalonyl CoA and methyl- 
malonyl phosphate by TPNH has been reported (18). The decarboxyla- 
tion of malonate has been reported in a number of tissues (20). 

In a previous communication (21) evidence is presented for the oxida- 
tion of malonate by peanut mitochondria through the following pathway. 


Malonate + CoA malonyl CoA — CO, + acetyl CoA — Krebs’ cycle 


This observation suggests that the oxidation of OH-propionate to “ace- 
tate’? may proceed through malonyl CoA. 


DISCUSSION 


The cofactors required for the oxidation of propionate-1-C™ to CQO, are 
identical with those required for the 8 oxidation of butyrate-1-C™ and 
palmitate-1-C'™ by peanut mitochondria (4). Although all three adenosine 
nucleotides are equally effective in stimulating propionate-1-C™ oxidation, 
ADP and AMP per se are probably not active. ATP may be formed from 
ADP and AMP either by oxidative phosphorylation or by the reaction 


2ADP = AMP + ATP 


catalyzed by adenylic kinase. Both oxidative phosphorylation (22) and 
adenylic kinase reaction occur in peanut mitochondria (23). 

The stimulation by Mg**, Mn**, and Co** probably is associated with 
the primary activation of propionate to propionyl CoA. It is of interest 
that acetic thiokinase, which also activates propionate, requires either 
Mg** or Mn** (24). DPN and TPN may be required either for the pre- 
liminary dehydrogenation of propionyl CoA to acrylyl CoA, for the oxida- 
tion of OH-propionate, or for the oxidation of acetate through the Krebs 
eycle. GSH is presumably required to maintain CoA in a reduced state. 

In view of the evidence presented, it is proposed that propionate oxida- 
tion by peanut mitochondria proceeds by the pathway shown in Fig. 4. 
Only the compounds shown in blocks have been isolated and characterized. 
However, reactions similar to the ones shown in Fig. 4 have been described 
elsewhere. Thus the acetate-activating enzyme (25) also activates propi- 
onate to propionyl CoA (26), and the hydration of acrylyl CoA to OH-pro- 
pionate CoA is catalyzed by crotonase (27). The green butyryl CoA de- 
hydrogenase (28) shows a trace of activity toward propionyl CoA.‘ 


‘ Personal communication from Dr. Helmut Beinert, cited in Rendina and Coon 
(27). 
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The pathway proposed for the oxidation of OH-propiony! CoA is anal- 
ogous to the pathway demonstrated for the oxidation of B-hydroxyiso- 
butyryl CoA, an intermediate in valine degradation (29). In order to 
liberate the carboxyl group of OH-propionyl CoA as COs, it is necessary 


CH, CH2 COOH 


ATP, CoA 


CH CO CoA 


HC CHa COOH 


CoA, -2H 

CoA C CH, COOH 

ox, 
Krebs cycle 


Fic. 4. A proposed scheme for propionate oxidation by peanut mitochondria 


to postulate its initial deacylation to OH-propionate. A similar situation 
exists in the oxidation of 8-hydroxyisobutyryl CoA to CO, and propionate 
(30). A deacylase specific for OH-propionyl CoA or B-hydroxyisobutyry! 
CoA (27) and a DPN-dependent dehydrogenase specific for OH-propionate® 
have been partially purified from animal tissue. 


* Robinson, W. G., unpublished experiments, cited in Rendina and Coon (27). 
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8 oxidation of propionate by the animal body was suggested as early as 
1882 by Salkowski and Salkowski (31). Knoop (32) and Dakin (33) re- 
ported the conversion of phenyl propionate by the animal body to a num- 
ber of derivatives consistent with 8 oxidation. However, this is the first - 
direct demonstration of 8 oxidation of propionate. It is also the first 
demonstration of the accumulation of a 8-hydroxy aliphatic fatty acid as 
an intermediate in fatty acid oxidation. Since the carboxyl group of pro- 
pionate is not converted to the carboxyl group of acetate, as is the case in 
conventional 8 oxidation, the term ‘‘modified 8 oxidation”’ is preferred. 

It would be of interest to determine whether this pathway is widespread. 
Avocado mitochondria® were found to oxidize OH-propionate-1-C"™ readily 
and propionate-1-C™ less readily. Lupine mitochondria® readily oxidize 
OH-propionate-1-C™ but not propionate-1-C™. It therefore appears proba- 
ble that avocado mitochondria and possibly lupine mitochondria possess 
the 6-oxidative pathway. Rendina and Coon (27) have suggested 8 ox- 
idation of propionate in kidney extracts. However, it appears unlikely 
that this pathway is a major one in vivo in animal tissue since it cannot 
explain the equilibration between carbon atoms 2 and 3 of propionate in 
its conversion to sugar (34), acetate (35), lactate, or pyruvate (36). 


SUMMARY 


Mitochondria prepared from cotyledons of germinated peanuts oxidize 
propionate exclusively by a modified 6-oxidative pathway. 8-Hydroxy- 
propionate was isolated as the first stable intermediate. The carboxyl 
group of 8-hydroxypropionate is released as carbon dioxide, and carbons 2 
and 3 enter the Krebs cycle, presumably as acetyl coenzyme A. The co- 
factor requirements and properties of the enzyme system oxidizing propi- 
onate-1-C'™ to C™'Os are described. 
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BENZOYL ADENYLATE AND HIPPURYL ADENYLATE: 
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Several workers (1-5) have adduced evidence that acyl adenylates, 
tightly bound to the relevant enzymes, are intermediates in the enzymatic 
activation of many carboxylic acids by ATP.' Previous work in this 
laboratory (6) has shown that benzoyl CoA is an intermediate in the syn- 
thesis of hippurate and that it is formed from benzoate, ATP, and reduced 
CoA in the presence of octanoic thiokinase (7), with liberation of a stoi- 
chiometric quantity of inorganic pyrophosphate. The experiments re- 
ported here were undertaken to study the properties of BzAMP and to 
elucidate its role in the formation of benzoyl CoA. The substrate spec- 
ificity of octanoic thiokinase was reinvestigated, and attempts were made 
to separate fractions specific for aliphatic and aromatic acids. Additional 
studies were concerned with the enzymatic and non-enzymatic hydrolysis 
of BzAMP. and hippuryl adenylate in H,O'. These observations were 
undertaken because of the possible importance of such compounds in 
certain renal tubular transport mechanisms. 


EXPERIMENTAL 


Assay Procedure 


The initial step in the activation of the fatty acids by ATP appears to 
be as shown in Equation 1. 


R’—COO- + Ad—R—P—P—P* = Ad—R—P—O—CO—R” + P—P* (1) 


As this is a reversible reaction, there is an incorporation of radioactive 
pyrophosphate into ATP in the presence of enzyme and the appropriate 


* This study was supported by a grant from the Rockefeller Foundation to Dr 
John V. Taggart. 

t Fellow of the Rockefeller Foundation, on leave from the Department of Medi- 
cine, University of Sydney, Australia. 

‘The following abbreviations have been used in this paper: AMP, adenosine 
5’-monophosphate; ATP, adenosine 5’-triphosphate; BzAMP, benzoyl adenylate; 
CoA, coenzyme A; TPN, triphosphopyridine nucleotide; Tris, tris(hydroxymethyl])- 
aminomethane. 
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acid. In the present series of experiments, 5 umoles of substrate acid, 
6 pwmoles of ATP (Sigma crystalline), 1 umole of pyrophosphate labeled 
with P®, 0.8 umole of MgCl, and 150 wmoles of Tris-HCl buffer of pH 
7.5 in a final volume of 1.0 ml. were incubated at 37° for 30 minutes. The 
reaction mixture was deproteinized with 5 ml. of 5.4 per cent trichloro- 
acetic acid, and the terminal phosphates of the ATP were isolated by the 
Norit method of Crane and Lipmann (8) for the determination of incor- 
porated radioactivity. 

Crude tissue extracts, even after extensive dialysis, showed considerable 
pyrophosphate-ATP exchange activity in the absence of any added sub- 
strate. The activating potency of a preparation for any given acid was 
measured by the increase in exchange between pyrophosphate and ATP 
caused by the addition of that acid to the system. <A ‘‘unit”’ of activity 
is defined as that quantity of enzyme catalyzing the incorporation of 1 
per cent of the pyrophosphate radioactivity into the ATP under the con- 
ditions of the assay. 

The exchange reaction was used as the assay procedure in preference 
to hydroxamic acid synthesis, p-aminohippurate synthesis, etc., because 
it should be least affected by changing concentrations of acyl CoA de- 
acylases and does not require the presence of CoA and a reducing agent. 
Also, the formation of hydroxamic acids may be an unreliable test for 
activation of certain substrates. For example, with p-aminobenzoate, 
no clear evidence for enzymatic formation of p-aminobenzohydroxamic acid 
was ever obtained, even in a system containing CoA and 2 m hydroxylamine, 
although the system simultaneously synthesized appreciable amounts of 
p-aminohippurate. Added p-aminobenzohydroxamic acid was stable in 
the system. 


Preparation of Mitochondria 


Pig kidneys were obtained from the slaughterhouse as soon as possible 
after death and packed in ice. The cortex was removed and homogenized 
in a Waring blendor for 60 seconds at 100 volts in 3 volumes of ice-cold 
8.5 per cent sucrose-0.002 mM ethylenediaminetetraacetate, with dropwise 
addition of 6 N KOH to maintain the pH near 7.0. All subsequent manip- 
ulations were performed at 0-5°. Nuclei and unbroken cells were removed 
by centrifugation at 1000 X g for 10 minutes, and then 4 volumes of 0.15 
mM KCl were added to the supernatant fluid. The mitochondria were 
collected from this suspension with a Sharples supercentrifuge, and an 
acetone-dried powder was prepared in the usual manner. 

Fresh rabbit livers were homogenized at 85 volts for 60 seconds in the 
same medium, and the nuclei and unbroken cells were removed by cen- 
trifugation for 3 minutes at 1000 X g. To the supernatant fluid was 
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added 0.1 volume of 1.5m KCl, and the mitochondria were collected by 
centrifugation for 30 minutes at 1800 K g. The pellet was washed twice 
by resuspension in 0.15 M KCl and centrifugation for 30 minutes at 
1800 X g, and then the acetone-dried powder was prepared. 

The initial mitochondrial extract was prepared by stirring the powder 
with 10 volumes of 0.02 M potassium bicarbonate solution at 0° for an 
hour. The suspension was centrifuged at 25,000 < g for 15 to 20 minutes, 
and the clear supernatant fluid was saved. 


Preparation of Octanoic Thiokinase 


The pig kidney mitochondrial extract was treated with 0.85 mg. of 
alumina Cy (9) per mg. of protein and allowed to stand for 5 minutes at 


TABLE 
Purification of Octanoic Thiokinase from Pig Kidney Mitochondria 
meg. unils per mg. | unmils per mg. per cent 
Mitochondrial extract. 9000 74 42 0.57 100 
Supernatant from alu- 

SIRT LO 2300 27 110 | 4 66 
Ist (NH4)2SO,4 ppt... 1600 10 100 10 42 
Ca;(PO,)2 gel eluate. . 7 450 7 133 19 16 
Ammoniacal (N 2804 

(40-45 saturation) .. | 90 5 250 5O 6 


Conditions of assay as described in the text. PAB = p-aminobensoate. 


0° before the gel was centrifuged and discarded. To each 100 ml. of super- 
natant fluid 35 gm. of solid ammonium sulfate recrystallized from Versene 
(10) were added; the precipitate was collected, dissolved in a minimal 
volume of water, and dialyzed overnight against two lots of 0.02 mM potas- 
sium bicarbonate at 0°. After dilution to a protein concentration of 10 
mg. per ml., the solution was treated with 1.2 mg. of calcium phosphate 
gel (11) per mg. of protein and centrifuged after standing for 5 minutes 
at 0°. The enzyme activity, largely adsorbed on the gel, was eluted with 
0.02 mM potassium phosphate buffer of pH 7.5. After overnight dialysis 
against 0.02 M potassium bicarbonate, the solution was fractionated by 
the addition of saturated ammonium sulfate solution adjusted to pH 8.0 
with ammonia. The fraction precipitating between 40 and 45 per cent 
saturation showed the highest activity. Table I summarizes the frac- 
tionation procedure. The most highly purified preparation was free from 
inorganic pyrophosphatase, ATPase, and 5’-nucleotidase and had only 
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traces of hippuricase activity (about 0.05 umole of glycine was liberated 
per mg. of protein per hour). , 
The rabbit liver mitochondrial extract was treated in a similar manner | 
TABLE II 
Purification of Octanoic Thiokinase from Rabbit Liver Mitochondria 
Activi 
Fraction Total protein ‘without Ratio, pas 
mg. units per mg. | unils per mg. ee 
Mitochondrial extract. 600 4 40 10 100 
Supernatant from alu- 
ee ee 135 9 90 10 50 
Ist (NH,4)2SO, ppt..... 83 5 120 24 43 
Ca;(PO,)2 gel superna- : 
28 11 160 15 26 
Ca;(PO,4)2 gel eluate. . 14 11 120 11 
Ammoniacal (NH,)2SO, 
(40-50 saturation)... 10 20 260 13 11 
Conditions of assay as described in the text. ( 
TaBLeE III 
Substrate Specificity of Octanoic Thiokinase from Pig Kidney Mitochondria ‘ 
Substrate Relative PP-ATP exchange rate c 
\ 
Caproate + 104 
kas 1.5 f 
PP = inorganic phosphate. 
except at the calcium phosphate gel step. Here the unadsorbed protein ; 
and the 0.02 mM potassium phosphate eluate were of similar activity and } 
were pooled for the alkaline ammonium sulfate fractionation, and the ' 
fraction precipitating between 40 and 50 per cent saturation was retained. 
The purification is shown in Table II. It is noteworthy, with the rabbit 
liver preparation, that the ratio of activities without and with added sub- 
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strate remains relatively constant throughout the procedure, as appears 
to be the case also with the preparation of Jencks and Lipmann (5). The 
rabbit liver preparation was free from inorganic pyrophosphatase, ATPase, 
and 5’-nucleotidase and had no detectable glycine NV-acylase or benzoy! 
CoA deacylase when assayed spectrophotometrically at 280 my (12). 


Specificity of Purified Pig Kidney Octanoic Thiokinase 


In Table IIL are shown the ATP-pyrophosphate exchange rates of the 
most highly purified preparation with all substrates at 0.005 m final con- 
centration and caproate expressed as 100 per cent. The A,, for caproate 
was found to be about 6 & 107-5 Mm and for p-aminobenzoate about 2 K 10-4 
um. There was no evidence at any stage of the purification of a significant 
separation of the activity with caproate from that with p-aminobenzoate. 


Preparation of Bz AMP 


This was prepared by a modification of the method of Lee Peng (3). 
A mixture of 1 mmole of AMP, 1 ml. of 1.0 N potassium hydroxide, 5 ml. 
of water, 2.5 ml. of purified pyridine, and 5 mmoles of benzoic anhydride 
was stirred overnight at about 5°. The mixture was washed six times with 
5 volumes of ether to extract pyridine, benzoic anhydride, and benzoic 
acid. The residual solution contained about 800 uwmoles of total AMP, 
estimated by adenylic acid deaminase (13) after hydrolysis of an aliquot 
with 0.5 N sodium hydroxide for 5 minutes at 30°. Of this AMP, only 
about 20 per cent was in the free form. The solution was diluted to 200 
ml. with water, adjusted to pH 4.5, and applied to a 5 X 2.5 «em. column 
of Dowex 1 (X2) resin, 200 to 400 mesh, chloride phase. Elution in 25 
ml. fractions was performed with 0.015 N hydrochloric acid, and distinct 
peaks were obtained in Tubes 3 to 6 and 11 to 20. The material in the 
first, smaller peak had the absorption spectrum of AMP and was deami- 
nated immediately by adenylic acid deaminase; the material in the larger 
peak was deaminated only after alkaline hydrolysis. The contents of 
Tubes 11 to 20 were pooled, brought to pH 4.5 with lithium hydroxide, 
and lyophilized. The dry product was washed with absolute ethanol to 
remove lithium chloride, dissolved in a minimal volume of water (about 
1 ml. per 2.5 mg.), and converted to the potassium salt by passage through 
a column of Dowex 50 (X8) resin, 200 to 400 mesh, potassium phase. The 
product was lyophilized and stored in the dry state at —20°. The potas- 
sium salt obtained was free from AMP, as judged by the deaminase, and 
was soluble to the extent of at least 75 mg. per ml. Its purity was at 
least 85 per cent on a weight basis, the only detectable impurity being 
potassium chloride. 
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Properties of Bz AMP 


Chemical Reactions 


A solution of the compound treated with adenylic acid deaminase showed 
a slow, steady decrease in optical density at 265 my. The rate varied 
with different preparations of the enzyme from 0.05 to 0.2 per cent per 
minute and was not related to the deaminase potency of the preparation. 
This was considered to be due to a contaminating protein, present in vary- 
ing amounts, which liberated free AMP for subsequent deamination. 

After hydrolysis for 5 minutes with 0.5 N NaOH at room temperature, 
the AMP was apparently all in the free form, for the deaminase then caused 
complete deamination with decrease in Dg; (optical density) to 42 per 
cent of the initial value, the same as with an equimolar mixture of benzoate 
and AMP. 

Incubation with 1.0m hydroxylamine at pH 6 and 37° (14) led to the 
formation of free AMP and a hydroxamic acid which behaved exactly like 
benzohydroxamic acid on chromatography in water-saturated n-butanol. 
The half time of this reaction appeared to be approximately 10 minutes, 
which is considerably longer than that reported for other acyl adenylates; 
e.g., acetyl adenylate (15) has a half time of reaction of 0.6 minute under 
these conditions. The yield of hydroxamic acid, with synthetic benzo- 
hydroxamic acid as standard, was 90 per cent on the basis of the AMP 
simultaneously liberated. 

Titration with 0.1. N carbonate-free sodium hydroxide demonstrated 
the presence of only one dissociating group in the range pH 3 to 9. This 
had a pK of approximately 3.8 and was considered to represent the amino 
group of adenine (cf. the pK of the amino group of AMP, 3.3, and of ADP, 
3.9). The same sample, after hydrolysis in 0.05 N sodium hydroxide, 
showed three dissociating groups in the range pH 3 to 9. From the differ- 
ence between the pre- and posthydrolysis curves, the two new pK values 
were estimated to be 4.2 (benzoic acid) and 6.2 (corresponding to the see- 
ondary phosphoryl] dissociation of AMP). Assuming that the hydrolysis 
involves breakage of one bond, this is conclusive evidence that the car- 
boxyl group of benzoate is joined in anhydride linkage to the phosphate 
group of AMP. 

Incubation with buffers of pH 1 to 8 (hydrochloric acid, citrate, or phos- 
phate) for periods of 3 hours at 37° led to no liberation of free AMP, as 
measured by deaminase. In 1.0N hydrochloric acid and in carbonate 
buffer of pH 9.0 there was slow hydrolysis; at progressively higher pH 
levels (carbonate buffer or sodium hydroxide) the rate of hydrolysis in- 
creased rapidly; hence, there was complete release of AMP after less than 
2 minutes in 0.1 N alkali. The rates are shown in Table IV. The com- 
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pound is seen to be quite stable in acid and to be considerably more stable 
in alkali than is acetyl adenylate (16), which is almost completely hydro- 
lyzed in 1 minute at pH 10. Both are more stable than the aminoacyl 
adenylates (1), which decompose rapidly at pH 8. 

The absorption spectra of an essentially pure sample of BzAMP at pH 
7.0 in 0.05 mM potassium phosphate buffer, before and after complete hy- 
drolysis in alkali, are shown in Fig. 1. There is a considerable difference 
spectrum for the hydrolysis of BzAMP, whereas hydrolysis has been re- 
ported (16) to have no effect on the absorption spectrum of acetyl adenyl- 
ate. 

Several amino and sulfhydryl compounds were found to accelerate the 
non-enzymatic release of free AMP from BzAMP. With the amino com- 
pounds in solution at pH 9.0 at a final concentration of 0.06 M, the rates 


TABLE IV 
Effect of pH on Rate of Hydrolysis of Benzoyl Adenylate 
pH | Rate of hydrolysis 
per cent per min. 
0 0.1 
1-8 0.0 
9 0.07 
10 0.75 
11 5 
12 30 
13 100 (2 min.) 


With the glass electrode used, pH measurements above 9 are approximate. 


of liberation of free AMP were as shown in Table V. After incubation 
with glycine, hippuric acid was isolated from the mixture and identified 
by chromatography as described by Gaffney et al. (17). Incubation with 
the sulfhydryl compounds at a final concentration of 0.06m and at pH 
7.0 gave the rates of AMP liberation shown in Table VI. Even at 0.0006 
M, cysteine at pH 9.0 caused liberation of AMP at a rate 6 times that 
found in carbonate buffer. 

The results shown in Tables V and VI suggest that steric hindrance by 
the bulky benzoyl group was important in determining the rate of re- 
action with the amino and sulfhydryl compounds. Ammonia and amines 
of the type RCH.NH, suffer least from this hindrance, for these are the 
compounds which react most rapidly with BzAMP (Group 1, Table V). 
Further evidence for steric hindrance was provided by the relative rates 
of reaction of cysteine and penicillamine (Table VI). 

There was a fairly regular increase in the rate of AMP liberation at 
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pH 9.0 with increase in the pK of the amino group of the compound added 
from Group 1. Initially it was considered possible that the ionized group, 
R—NH;*, might be the reactive form, because at pH 9 the proportion of 
this form is greater the higher the pK. However, with glycine in the 
range pH 8.5 to 9.5, the reaction rate was directly proportional to the 
concentration of the un-ionized amino group (Fig. 2), after correction 
had been made for hydrolysis attributable to hydroxyl ion alone. This 
is in agreement with the suggestion of Jencks (15). 


OPTICAL DENSITY 


0.5 


0,0 


220 240 260 280 300 320 
WAVE LENGTH my 
Fic. 1. Absorption spectra of benzoyl adenylate before (dash line) and after 
(solid line) complete hydrolysis in 0.1 N NaOH. The light path was 1 em., and the 
initial concentration of benzoyl adenylate 0.087 wmole per ml. 


Enzymatic Hydrolysis 


All preparations obtained from pig kidney mitochondria, even at the 
greatest purification achieved, caused an extremely rapid breakdown of 
BzAMP with liberation of free AMP. This occurred in acetate, phos- 
phate, or Tris buffers in the range pH 5.4 to 8.0. The most purified prep- 
aration from rabbit liver mitochondria, which activated benzoate as rap- 
idly as the purest preparation from pig kidney, showed a considerably 
lower rate of BzAMP hydrolysis. Consequently the rabbit liver enzyme 
was used in the study of the reactions of BzAMP with inorganic pyro- 
phosphate and reduced CoA. 
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Reaction with Inorganic Pyrophosphate 


Formation of ATP was measured by adding excess glucose, magnesium 
ions, hexokinase, and myokinase to the incubation mixture with fluoride 
to inhibit the inorganic pyrophosphatase contaminating the hexokinase 


TABLE V 


Rate of AMP Liberation from BzAMP by Various Amino Compounds at pH 9.0 


Group No. 


Amino compound 


———- 


None 
Taurine 
Ammonia 
2-Aminoethanol 
Glycine 
8-Alanine 
Lysine 
Ethylamine 
Histamine 
Ornithine 
Aniline 
Pyridine 
Cilucosamine 
Tris 

Cysteine 
Histidine 
Valine 
Aspartie acid 
Alanine 
Sarcosine 
Arginine 
Choline 
Guanidinoacetic acid 


8.7 
9.3 
9.5 
9.8 
10.2 
10.5 (+9.0) 
10.7 
10.7 (+6.1) 
10.8 (+8.7) 


10.0 
12.6 (+9.0) 


TaBLe VI 


pK of amino group 


Rate of AMP 
liberation 


per cent per min. 


Rate of AMP Liberation from Bz AMP by Various Sulfhydryl Compounds at pil 7.0 


Sulfhydryl compound 


— 


Rate of AMP liberation 


2,3-Dimereaptopropanol............. 


£35 
e 
e 
n 
1 0.07 
| 1.2 
24 
| | 7.0 
| 3.2 
| 5.5 
| 9.5 
| 1] 
| 10 
2 | 4.6 0.2 
| 5.2 0.3 
| 7.8 0.5 
8.1 0.5 
8.2 (+SH) >27 
9.2 (+6.0) | 0.6 
| 9.7 | 0.6 
| 9.8 0.3 
| | 9.9 | 0.7 
| | | 0.5 
| | | 1.2 
| | 14 (Ca.) | 0.2 
| | | 4 “ | 0.1 
| 
| per cent per min 
0.8 
0.7 
> 0.1 
0.0 
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(Fraction 3b (18)). The mixture contained, in a final volume of 1.0 ml., 
100 wmoles of Tris-HCl buffer of pH 7.5, 5 ymoles of potassium pyrophos- 
phate, 1 umole of MgCl., 10 wmoles of potassium fluoride, 50 wmoles of 
glucose, 0.1 mg. of yeast hexokinase, 0.25 mg. of rabbit muscle myokinase 
(13), 0.25 mg. of rabbit liver mitochondrial enzyme, and 1.50 ymoles of 
BzAMP which were added after the other components had been equili- 
brated at 37°. After incubation for 1 hour, the mixture was boiled for 
2 seconds to inactivate the enzymes. An aliquot of the supernatant fluid 
was added to a cuvette containing 250 wmoles of Tris-HCl buffer of pH 
7.5 and 0.3 ymole of TPN in a final volume of 2.9 ml.; 1 mg. of glucose- 
6-phosphate dehydrogenase (19), containing some 6-phosphogluconic acid 


5c 


%/MINUTE 


.@) 5 15 25 35 
% FREE AMINO FORM 


Fic. 2. Relationship between the rate of AMP liberation from benzoy! adenylate 
and the proportion of un-ionized amino group in glycine. 


dehydrogenase, was then added in 0.1 ml. of water. After complete re- 
action had occurred (33 hours), the glucose 6-phosphate content was cal- 
culated on the basis of a complete two-step oxidation. Thus 1 molecule 
of ATP yields 2 molecules of glucose 6-phosphate and 4 molecules of re- 
duced TPN. The increase in D349 found corresponded to 3.12 ymoles of 
TPN reduced (or to 0.78 wmole of ATP formed) for the entire incubation 
mixture, 7.e. a 52 per cent yield from the BzAMP. 


Reaction of Bz AMP with Reduced CoA 


It has been found previously (6) that the difference spectrum attribut- 
able to the hydrolysis of the thiol ester bond in benzoyl CoA is maximal 
at 272 my and still appreciable at 290 mu. For the present experiment, 
the wave length was chosen at 285 my, at which CoA, AMP, and BzAMP 
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absorb relatively little. The /.2s,; due to the thiol ester bond of benzoyl 
CoA has been found to be about 5.4 XK 10° em. per mole. A mixture 
containing 100 wmoles of Tris-HCl buffer of pH 7.5, 2 wmoles of CoA 
(Pabst), 1 wmole of MgCl, and 5 wmoles of fresh potassium borohydride 
was allowed to stand for 5 minutes. Then 1.50 wmoles of BzAMP and 
0.125 mg. of rabbit liver mitochondrial enzyme were added in a final volume 
of 0.75 ml. After incubation for 15 minutes at 37°, the mixture was boiled 
momentarily and centrifuged. Benzoyl CoA was measured in aliquots 
of the supernatant fluid by the decrease in Des; which resulted from (1) 
treatment with 0.5.‘ sodium hydroxide for 5 minutes and (2) treatment 
with excess glycine and glycine N-acylase (12) at pH 7.5. The two re- 
sults were identical and corresponded to a yield of 0.67 pmole of benzoyl 
CoA for the entire incubation mixture or 45 per cent conversion. Control 
experiments showed that there was no residual BzAMP after a similar 
incubation procedure in the absence of CoA owing to complete hydrolysis. 
Incubation of another control without enzyme but with CoA gave no 
benzoyl CoA, as judged by subsequent incubation with glycine and gly- 
cine N-acylase. 

It seemed unlikely that any of the enzyme preparations here described 
would be useful in demonstrating the direct formation of measurable 
amounts of free Bz AMP from benzoate and ATP, owing to their contam- 
ination with a hydrolytic activity. However, an attempt was made to 
measure the liberation of the inorganic pyrophosphate that should ac- 
company the formation of BzAMP. Accordingly, 6 umoles of ATP and 
5 umoles of benzoate were incubated with 1 mg. of pig kidney mitochon- 
drial enzyme for 30 minutes at 37° and pH 7.0, and, after boiling, excess 
magnesium chloride and inorganic pyrophosphatase were added. Deter- 
mination of inorganic phosphate (20) showed that there was no more in 
the experimental tube than in a control incubated without benzoate. Thus 
it would appear that any BzAMP formed is tightly bound to the enzyme. 


Enzymatic Hydrolysis of Bz AMP in HO” 


Advantage was taken of the hydrolytic activity of the pig kidney mito- 
chondrial enzyme to study the nature of the enzymatic splitting of the 
anhydride in water. This provided a means of determining whether hy- 
drolysis occurs at the C—O or the O—P bond. 

75 pmoles of the potassium salt of BzAMP were dissolved in 2.0 ml. of 
water containing 28 atom per cent excess O'%, and then 160 ymoles of 
anhydrous potassium bicarbonate were added, followed by 4 mg. of a 
lyophilized sample of the pig kidney mitochondrial enzyme2 After ineu- 


* The O' was kindly provided by Dr. Israel Dostrovsky, The Weizmann Institute 
of Science, Rehovoth, Israel. 
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bation for 1 hour at 37°, during which time considerable carbon dioxide 
was liberated, assay of an aliquot with AMP deaminase showed that all 
the AMP was in the free form. The mixture was then frozen in an etha- 
nol-dry ice slush and lyophilized. The solid residue was dissolved in 2 
ml. of normal water, 300 uwmoles of potassium benzoate were added as 
carrier, and the solution was brought to pH 3 with hydrochloric acid. The 
benzoic acid was extracted with three 5 ml. lots of ether, the ether ex- 
tracts were evaporated in a current of nitrogen, and the solid residue was 
recrystallized from 1.5 ml. of boiling water. Previous experiments had 
shown that this procedure caused no loss of O" from labeled benzoic acid. 
The benzoic acid crystals were filtered, washed, and dried in vacuo over 
POs. They were then analyzed for O" by the pyrolytic method of Ritten- 
berg and Ponticorvo (21). 

After the benzoic acid had been extracted, the aqueous layer was freed 
of ether by bubbling nitrogen through it, and it was then adjusted to pH 
9.5 with potassium hydroxide and ammonium acetate buffer. 3 mg. of 
intestinal alkaline phosphatase (22) were then added, and the mixture 
was incubated for 1 hour at 30° to liberate orthophosphate from the AMP. 
The mixture was brought to pH 4 with hydrochloric acid, excess of barium 
chloride was added, and precipitated protein and barium sulfate were 
centrifuged. Nitrogen was bubbled through the clear supernatant solu- 
tion for an hour to remove carbon dioxide, and the phosphate was then 
precipitated as barium phosphate by the addition of carbonate-free sodium 
hydroxide to pH 8.5. The precipitate was centrifuged and washed twice 
with carbon dioxide-free water. It was then redissolved in hydrochloric 
acid at pH 4, again freed of carbon dioxide by bubbling nitrogen, and 
reprecipitated and washed as above. The final precipitate was dried 
in vacuo over P.Os and analyzed for O' by the method of Cohn and Drys- 
dale (23).4 No carrier phosphate was added during the procedure. 

As BzAMP is completely stable for the duration of the experiment in 
the pH range attained (about 8 to 6), all hydrolysis was due to the enzyme. 
If rupture of the anhydride had been at the C—O bond, O" should have 
been found in the benzoic acid at a final concentration of 28 K } XK } = 
2.8 atom per cent excess, after allowing for dilution with carrier. With 
rupture at the O—P bond, O'* should have been found in the phosphate, 
with 28 & } = 7 atom per cent excess. In the latter case contamination 
of the phosphate with carbonate and an exchange of the O' from the phos- 
phate into the water under the influence of alkaline phosphatase (24), 


* The author wishes to thank Miss L. Ponticorvo for performing the O" analyses 
on the samples of benzoic and hippuric acids. 

‘The author wishes to thank Dr. G. Drysdale for performing the 0" analyses on 
the samples of barium phosphate. 
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which was present in great excess, may be expected to yield a figure some- 
what lower than 7 per cent. The results obtained were as follows: in 
benzoic acid, 0.006 atom per cent excess O'%; in barium phosphate, 5.17 
atom per cent excess O'. This provides evidence that the enzymatic 
hydrolysis of BzAMP occurs by cleavage of the O—P bond. 


Non-Enzymatice (Hydroxyl Ion) Hydrolysis of Bz AMP 


In view of the similarity of the above results to those obtained by Bentley 
25) with the enzymatic hydrolysis of acetyl phosphate, it was of interest 
to determine whether BzAMP undergoes rupture of the C—O bond in 
hydroxyl ion-catalyzed hydrolysis, as does the former compound. Ac- 
cordingly, 400 umoles of BzAMP free from AMP and benzoic acid were 
dissolved in 3.0 ml. of water containing 1.30 atom per cent excess O", and 
0.1 ml. of 20 N sodium hydroxide was added. After complete hydrolysis, 
the water was removed in vacuo, the residue was dissolved in normal water 
and adjusted to pH 3, and the benzoic acid was extracted without addition 
of carrier into four 4 ml. lots of ether. The ether extracts were dried in a 
current of nitrogen, and the benzoic acid was recrystallized from 2 ml. of 
boiling water. 

With hydrolysis at the C-—-O bond, we should expect 1.30 3.0/3.1 X 
} = 0.63 atom per cent excess O"* in the benzoic acid; the analysis showed 
0.64. 


Preparation, Properties, and Hydrolysis of Hippuryl Adenylate 


Hippuryl adenylate was made by shaking 2 mmoles of hippuryl chloride 
(26) and 2 mmoles of disilver AMP in 25 ml. of glacial acetic acid for 30 
minutes at 30°, according to the method described by DeMoss et al. (1) 
for leueyl adenylate. The crude product, isolated as described by these 
authors, contained about 650 uwmoles of total AMP, of which 80 yumoles 
were not free. It was dissolved in 200 ml. of water and chromatographed 
as described for the preparation of BzAMP. Although the effluent was 
immediately brought to pH 4.5 and cooled to 0° on delivery from the col- 
umn, it was never possible to prepare a sample containing less than 20 
per cent free AMP. The compound is extremely unstable in the presence 
of water, at least half being hydrolyzed overnight at —20° and at the 
optimal pH for stability, about 4.5 to 5.0. When lyophilized and kept 
in vacuo at —20°, it appeared to be stable for at least several days. 

Because of the instability of hippuryl adenylate its properties were not 
studied in great detail. It reacts rapidly with hydroxylamine at pH 6 to 
form « hydroxamic acid and free AMP. Its stability over a wide range 
of pH] resembles that described for leucyl adenylate (1). 

In view of its possible importance in renal tubular transport mechan- 


de 
all 
iii- 

2 
as 
he 
X- 
as 
id 
d. 
er 

l- 

{ 
f 
n 
n 


440 BENZOYL AND HIPPURYL ADENYLATES 


isms (see later), a study of the site of enzymatic splitting of its C-—-O—p 
bonds was undertaken. Accordingly, 24.6 wmoles of the potassium salt 
of hippuryl adenylate, contaminated with 10.0 wmoles of free AMP, were 
dissolved in 1.7 ml. of water containing 25.4 atom per cent excess 0%, 
Immediately before being dissolved in the water, the sample was washed 
with ethanol and ether to remove any hippuric acid and potassium hip- 
purate. A slight excess (80 uwmoles) of solid potassium bicarbonate was 
added, followed by 2 mg. of the lyophilized pig kidney mitochondrial en- 
zyme, and the mixture was incubated for 90 minutes at 37°. When all 
the AMP was in the free state, the mixture was frozen and dried by lyophil- 
ization. 

After the addition of 222 ymoles of carrier potassium hippurate (final 
dilution 1:10) and 39.2 wmoles of carrier potassium phosphate (which, 
with the phosphate from the 10 wmoles of contamination-free AMP, would 
give a final dilution of 1:3), the solution was brought to pH 3. Hippuric 
acid was then extracted with five 5 ml. lots of chloroform-n-butanol (5:1, 
v/v) and two of ether. The combined extracts were taken to dryness 
in vacuo; the brown residue was dissolved in 7 ml. of boiling water and 
decolorized with 100 mg. of Norit A, after which the volume was reduced 
to 1.5 ml. in vacuo and the hippuric acid allowed to crystallize. The phos- 
phate was isolated as barium phosphate after hydrolysis by alkaline phos- 
phatase, as described above. 

With splitting of the C—O bond, we should expect 25.4 K 4X x = 
0.85 atom per cent excess O" in the |ippuric acid; with splitting of the 
O—P bond, 25.4 K } & 4 = 2.12 atom per cent excess O" in the phos- 
phate. In view of the instability of the compound in water, with increas- 
ingly rapid hydrolysis as pH rises above 6, it appears that minute con- 
centrations of hydroxyl ions will attack it. As incubation continued for 
90 minutes before hydrolysis was complete, there would have been a sig- 
nificant amount of non-enzymatic hydrolysis, which by analogy with 
BzAMP should have caused incorporation of at least some ©" into the 
hippuric acid. The results were as follows: hippuric acid, 0.258 atom per 
cent excess O'*; barium phosphate, 1.05 atom per cent excess O"'. These 
figures are compatible with about 30 per cent as hydroxyl ion-catalyzed 
hydrolysis (C—O), with incorporation of the 0" into the hippuric acid, 
and the remainder as enzyme-catalyzed hydrolysis (O—P), with incorpo- 
ration into the phosphate, which had probably lost some of its O'* in the 
isolation procedure, as described for the Bz AMP experiment. 


DISCUSSION 


Adequate evidence has been provided to identify BzAMP as adenosine 
5’-phosphobenzoate. The reaction with hydroxylamine to yield free 
AMP and benzohydroxamic acid, the alkali lability, the release of a ben- 
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zoy! and secondary phosphoryl dissociation on alkaline hydrolysis, and 
the ready non-enzymatic transfer of the benzoyl group to glycine to form 
hippurate are in keeping with this formulation. This compound is con- 
siderably more stable than other acyl adenylates described, especially to 
alkali, and its half life in carbonate buffer at pH 10 is of the order of 100 
minutes. It is also relatively resistant to acid hydrolysis, having a half 
life of about 15 hours in 1.0 n hydrochloric acid at 37°. 

The evidence for the participation of BzAMP in the enzymatic activa- 
tion of benzoate by ATP is of the same type as that described by others 
for the participation of acyl adenylates in the activation of a variety of 
carboxylic acids. This comprises pyrophosphate-ATP exchange in the 
absence of acceptor, formation of ATP from BzAMP and pyrophosphate 
with the enzyme, and formation of benzoyl CoA from reduced CoA and 
BzAMP by the enzyme. So far no evidence has been found for the dis- 
sociation of measurable quantities of any carboxyl adenylate from its 
enzyme, as has been found for adenyl sulfate (27). BzAMP is typical 
in this respect. 

In a previous series of experiments in this laboratory (28), it was found 
that O''-carboxyl-labeled p-aminohippurate, one of a group of substances 
secreted into the urine by the renal tubule, exchanges none of its carboxyl 
oxygen with water during the excretory process. This fact excludes many 
possible covalent linkages between the transported compound and the 
hypothetical cellular carrier in the transport process, for either their for- 
mation (amide, thiol ester) or subsequent hydrolysis (ester) would lead 
to loss of O"8 from the carboxyl group. On account of its great stability, 
BzAMP could be utilized as a convenient model to obtain information 
concerning the mode of hydrolysis of the C—-O-—P bonds of acyl adenylates 
by a renal enzyme. It was found that the hydrolysis occurs with rupture 
of the O—P bond. Available evidence (29) indicates that the formation 
of acyl adenylates from ATP and carboxylic acid occurs with a splitting 
out of inorganic pyrophosphate from the ATP and that the oxygen bridge 
in the anhydride originates from the carboxyl group. Thus it is possible 
to join a carboxyl group in covalent linkage and to liberate it again with 
no loss of its original oxygen atoms either to the surrounding medium or 
to other reactants. 

The results with the adenylate of hippuric acid, an acid which is actively 
excreted by the renal tubular epithelium, are compatible with the above 
conclusions. The instability of hippuryl adenylate in the presence of 
minute concentrations of hydroxyl ions might be expected to result in 
some degree of cleavage at the C—O bond, as well as the enzymatic rup- 
ture of the O—P bond. However, this need not occur if the compound 
were bound tightly to an enzyme molecule during its entire existence. 

It is emphasized that no positive evidence has been found to suggest 
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that acyl adenylates do take part in a renal transport mechanism. With 
all crude kidney preparations the exchange of pyrophosphate and ATP 
was so rapid in the absence of added substrate that the lack of stimulation 
by hippurate, p-aminohippurate, or resorcinol disulfate is of little signifi- 
cance. Failure of attempts to demonstrate the activation of certain 
transported acids by the purified octanoic thiokinase contraindicates the 
participation of this enzyme in renal transport. 


SUMMARY 


Octanoic thiokinase has been prepared from the mitochondria of pig 
kidney cortex and rabbit liver. From the former source it has been ob- 
tained practically free from contaminants which catalyze adenosine tri- 
phosphate-pyrophosphate exchange reactions, and its specificity has been 
examined. No separation of aliphatic and aromatic acid-activating en- 
zymes has been achieved. 

The synthesis, purification, and properties of benzoyl adenylate are 
described. This compound is considerably less reactive with hydroxyl- 
amine or hydroxyl ions than are the acyl adenylates described previously. 

Evidence is presented to show that benzoyl adenylate (BzAMP), en- 
zyme-bound, is an intermediate in the activation of benzoate by adenosine 
triphosphate. 

The non-enzymatic reactions of BzAMP with several amino and sulf- 
hydryl compounds have been investigated. 

By using water enriched with O", the hydrolysis of BzAMP has been 
found to involve rupture of its C—O bond under the influence of alkali 
and of its O—P bond under the influence of a kidney enzyme. 

The synthesis, partial purification, and certain properties of hippuryl 
adenylate are described. Its hydrolysis in water enriched with O" leads 
to conclusions similar to those obtained with BzAMP. 

The possible importance of these findings in relation to the renal tubular 
transport of substances such as p-aminohippurate is discussed briefly. 
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THE TURNOVER OF 8*®-LABELED GLUTATHIONE IN RAT 
ADRENAL CORTEX AND LIVER 
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(From the Department of Endocrinology, the Southwest Foundation for 
Research and Education, San Antonio, Texas) 
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The adrenal cortex is the site of a high concentration of sulfhydryl in 
the form of glutathione (GSH), and the significance of this finding has 
been the subject of several previous investigations (1-3). It was observed 
that glutathione administered orally or intraperitoneally to rats was not 
detected (as amperometrically measured SH) in the adrenal or liver 3 
hours after administration, whereas cysteine similarly administered in- 
creased the concentration of SH in both tissues significantly. Further- 
more, corticotropin has a dual effect on the concentration of adrenal 
non-protein sulfhydryl. Single small doses of corticotropin produced a 
significant rise in adrenal non-protein sulfhydryl, while increased or re- 
peated dosages caused no rise and, eventually, a fall in SH concentration. 
Corticotropin treatment for a period of 12 days depleted the non-protein 
sulfhydryl of liver and muscle tissue as well. 

Having established a definite association between the level of adrenal 
cortical function and the concentration of adrenal sulfhydryl, we undertook 
a study of the turnover of glutathione at various levels of cortical activity. 
Our previous investigations made use of an amperometric method which 
measures total sulfhydryl with a high degree of sensitivity and reproduci- 
bility; however, it does not measure glutathione specifically or require 
isolation of the sulfhydryl compounds from the protein-free tissue filtrate. 
Some other method which determines glutathione as such would have 
greater specificity, and in isotope studies would eliminate possible inac- 
curacies in the measurement of soft 8-radiation due to absorption by other, 
variable components of the protein-free filtrate. To approach these 
requirements we had recourse to the method of Binet and Weller (4) in 
which glutathione is precipitated as cadmium mercaptide and its quantity 
estimated by iodometric titration. However, a review of the literature 
indicated that improvements in precision and reproducibility were neces- 
sary, and a modified procedure was finally evolved for use with tissue 
containing S*°-labeled glutathione. 


Technique 


Preparation of Tissue—Adrenals are dissected from four rats, freed from 
adherent connective tissue with iridectomy scissors and rolled gently 
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under the finger first on filter paper soaked with saline and then on dry 
filter paper. The eight adrenals are enclosed in a piece of Parafilm and 
weighed. They are then placed in a conical all-glass tissue grinder, covered 
with 2 ml. of 10 per cent sulfosalicylic acid (SSA), and disintegrated by 
hand grinding. After standing for 60 minutes, the pestle is removed, 
rinsed with 1.0 ml. of SSA, and the grinder is centrifuged for 10 minutes 
at 1500 r.p.m. The supernatant SSA is decanted into a 10 ml. volumetric 
flask and the residue ground again with SSA, centrifuged, and decanted, 
and the process repeated a third time. The combined extracts are made 
up to 10 ml. and three 3.0 ml. aliquots are pipetted into 16 X 125 mm. 
screw cap test tubes calibrated at 2.5 ml. 

Representative slices of liver totaling about 10 gm. are enclosed in Para- 
film and weighed. The tissue is allowed to slide from the Parafilm into 
a micro-Waring blendor, and 10 per cent SSA is added up to the shoulder 
of the blendor cup. The blendor is kept cold during operation by wrap- 
ping an ice pack around the narrow portion. The tissue is homogenized 
for 4 minutes and transferred through a funnel into a 100 ml. volumetric 
flask. The grinder cup is rinsed five times with 10 ml. of SSA and the 
washings are added to the volumetric flask, which is swirled occasionally 
while standing for 1 hour. The volume is then made up to 100 ml. and 
the entire contents of the flask poured into a 200 ml. beaker which is 
placed on a magnetic stirrer. With the mixture in continuous agitation a 
15 ml. aliquot is taken up by pipette and transferred to a 16 XK 125 mm. 
screw cap test tube, which is then centrifuged at 1500 r.p.m. for 10 minutes. 
The supernatant extract is decanted into a 25 ml. volumetric flask, the 
residue stirred with a fresh 4 ml. portion of SSA, centrifuged, decanted, and 
washed a second time with 4 ml. of SSA. The combined extract and wash- 
ings are made up to 25 ml. and three 3.0 ml. aliquots are removed into 
16 X 125 mm. screw cap test tubes calibrated at 2.5 ml. 

Cadmium Precipitation—A blank is prepared by using 3.0 ml. of 10 
per cent SSA in a 16 X 125 mm. calibrated tube. To the blank and to 
each filtrate are added 0.2 ml. of a 6 per cent aqueous cadmium chloride 
solution and 1 drop of brom cresol green indicator. The tubes are brought 
to pH 6.8 with 10 per cent NaOH (back-titrating with 10 per cent SSA 
if necessary) and finally to pH 7.5 with 2 drops of mM NaHCO;. The 
tubes are placed in an ice bath for 12 hours or overnight. They are then 
centrifuged at 1500 r.p.m. for 5 minutes, care being taken that the centri- 
fuge does not heat the tubes above 20°. After the supernatant liquid is 
decanted, the precipitate is suspended twice with 4 ml. portions of ice-cold 
water and centrifuged as before. After the last decanting, the tubes are 
inverted and allowed to drain thoroughly. The precipitate is then dissolved 
by adding 2 per cent SSA up to the 2.5 ml. calibration and shaking gently. 
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lodate Titration—1.0 ml. of the redissolved cadmium glutathionate is 
pipetted into a test tube containing 1 ml. of 5 per cent KI solution. 1 
drop of starch indicator is added, and titration carried out with 0.0005 
x KIO; freshly prepared from 0.100 N stock solution, at a temperature 
of 25°. 

Radiation Counting; Planchet—Aluminum planchets are cleaned in a 
1:1 solution of ether and acetone and stored briefly in acetone until used. 
A solid aluminum disk 25 mm. in diameter is placed in the center of the 
planchet and held firmly by finger pressure. With a stylus made of tightly 
rolled Parafilm, the exposed surface and rim of the planchet are rubbed 
firmly and thereby coated with a layer of this material. (Sulfosalicylie 
acid solution has a very strong tendency to creep while drying, and no other 
method was effective in preventing contamination of the outer surfaces 
of the planchet.) On the central area a volume of 0.5 ml. of the 2 per 
cent SSA solution is evenly distributed. Trays of such planchets are 
placed in a desiccator over calcium chloride and dried under a slight vacuum 
at room temperature. Before counting, the planchets are allowed to 
equilibrate with atmospheric moisture. The time required to register 
1000 counts was measured in a Nuclear windowless gas flow counter 
(model D-46A) connected to a Berkeley 2020 scaler. 

Scintillation Counting—0.3 ml. of the 2 per cent SSA solution was added 
to 22.5 ml. of the scintillation liquid, which consists of ethanol-toluene 
(1:2) containing the phosphors 2,5-diphenyloxazole (POP), 3.0 gm. 
per liter, and 1,4-di(2,5-diphenyloxazole)benzene (POPOP), 0.03 gm. 
per liter. These concentrations give the optimal scintillation yield. The 
samples were counted in coincidence to 1000 counts in a Packard Tri- 
Carb scintillation spectrometer with the discriminators set at 10 to 50 
volts. A sealed vial containing a C'-benzoic acid standard was used to 
check the stability and response of the instrument. 


Reliability of Technique 


Reproducibility of Iodate Titration—In spite of the precautions men- 
tioned, iodate titration of pure glutathione failed in our hands to match the 
reproducibility of the amperometric method. Seventeen standard solutions 
of glutathione in 10 per cent SSA (9.3 mg. per 100 ml.) measured by am- 
perometry gave values averaging 101.2 + 1.3 per cent (standard deviation) 
of the gravimetric value; eleven other standard solutions checked directly 
by iodate titration averaged 95.0 + 5.5 per cent. 

Cadmium Precipitation—Recovery of pure glutathione carried through 
the cadmium precipitation procedure and measured by iodate titration 
was studied over a range of 1 to 1000 y of glutathione per ml. of final 
2 per cent SSA solution titrated. With amounts of GSH of the order of 
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10 y, recovery was poor. At the level of 100 y of GSH, reproducibility 
and recovery were satisfactory; for example, the recoveries from 3.0 ml, 
aliquots of thirty-five different standard solutions (9.3 mg. per 100 ml.) 
averaged 92.6 + 5.5 per cent of the gravimetric value. The values ob- 
tained by direct iodate titration of eleven of these standard solutions 
(95.0 + 5.5 per cent) did not differ significantly, indicating that recovery 
was quantitative within the limits of accuracy set by iodometric titration. 

Specificitty—Since ergothioneine and possibly cysteine were likely to 
be present in the tissues of interest to us, specificity studies were largely 
confined to these two compounds. In three experiments in which 1.0 ml. 
of 0.001 m solutions of each substance was used, no ergothioneine could 
be recovered, while recovery of cysteine averaged 69 per cent. Mer- 
captoethanol (used in certain experiments to be described subsequently) 
was also tested in the same manner, and three recovery experiments 
averaged 80.0 per cent. 

A number of experiments were then performed on rat adrenal and liver 
tissue to see whether the increased specificity of the cadmium method was 
significant or, conversely, whether sulfhydryl compounds other than 
glutathione might be present in appreciable amounts. Non-fasting rats 
of widely different genetic and dietary background were selected pur- 
posely. In seven experiments with adrenal tissue (Table I) the sulfhydryl 
concentrations determined by both methods were identical within the 
analytical error (11.9 + 2.5 and 11.7 + 2.2 y of SH per 100 mg.), indicating 
that practically all the sulfhydryl in adrenal tissue is glutathione. The 
values for fourteen samples of liver on the other hand differed markedly 
between methods. With this tissue, the amperometric sulfhydryl con- 
centration averaged 14.6 + 3.4 y per 100 mg. compared to the cadmium- 
precipitable sulfhydryl which averaged 11.6 + 2.5 y per 100 mg., or 81.1 
per cent of the amperometric sulfhydryl. The ratio between the two 
methods for a single liver sample ranged from 0.465 to 0.943. 

Recovery of Glutathione from Tissues—15.0 ml. of a 10 per cent SSA 
homogenate of liver, fortified with S**-glutathione, were centrifuged at 
2500 r.p.m. for 15 minutes, and the supernatant fluid was decanted, the 
residue washed with 5.0 ml. of 10 per cent SSA, and the process repeated 
a number of times. By the fourth washing, no significant radioactivity 
could be detected. Amperometric and iodometric determinations also 
indicated that about 95 per cent of the soluble sulfhydryl was contained 
in the first wash. 

Recoveries in twenty-seven experiments in which the glutathione was 
added to the SSA extract of liver homogenate and in ten experiments 
in which the glutathione was added to the homogenate itself were identical. 
Recoveries with liver ranged from 79.2 to 98.0 per cent and with adrenal 
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tissue from 94.4 to 98.0 per cent. These results are in agreement with 
published reports (5-8). 

Reduction of Oxidized Glutathione—Over the years there has been con- 
siderable debate as to the presence or absence of oxidized glutathione 
(GSSG) in various tissues. No GSSG was detected in deproteinized 
filtrates of rat liver, spleen, heart, muscle, or red cells by Dohan and Wood- 


TaBLe I 


Concentration of Non-Protein Sulfhydryl in Adrenal and Liver Measured by 
Amperometric and Modified Cadmium Methods 


Adrenal Liver 
dmium- cadmium Am Cc ium- cadmium 
Ampercmetric SH pptd. SH | amperometric | ometric SH | pptd. SH lamperometric 
100 x1 

100 mg. 100 mg. 100 mg 100 meg 

14.9 13.9 93.3 14.9 10.7 72.0 

12.0 12.0 100 22.2 10.3 46.5 

9.85 9.56 97.0 14.9 13.6 91.5 

9.79 9.75 99.7 17.1 13.9 81.3 

11.6 11.3 97.5 19.3 16.5 85.5 

10.5 10.3 98 .0 14.0 13.2 94.3 

15.1 15.2 100.7 11.3 10.9 96.5 

9.80 8§.92 91.0 

12.8 11.4 89.0 

16.6 14.9 89.7 

14.1 8.79 62.3 

10.4 89.0 

11.4 7.90 69.5 

14.5 11.1 76.7 

Average. ....... 11.9 11.7 0.980 14.6 11.6 0.811 

+2.2 +3.4 +2.5 


ward (9). Others, with use of less specific methods, have reported the 
presence of GSSG in tissues, but this work has been criticized on technical 
grounds (10-13). In the course of our studies we attempted to improve 
the H.S reduction method originally used by Fujita and Numata but, 
after intensive efforts, found that we too were unable to remove all traces 
of H.S from the filtrates. This method was therefore abandoned. While 
these studies were in progress, Bhattacharya, Robson, and Stewart (14) 
described an improved electrolytic reduction method by which they 
demonstrated the presence of considerable amounts of GSSG in rat, rabbit, 
or human red cells, but none in rat pancreas and kidney or rabbit liver 
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and pancreas. By using this method, we tested the effect of electrolytic 
reduction on the amperometrically measured sulfhydry] of several extracts 
of rat liver and adrenal tissue, both before and after the addition of micro- 
gram quantities of glutathione. In every instance, the value for sulfhydry] 
after electrolytic reduction was the same as the preelectrolysis value within 
the limit of error of the analysis (3 per cent). Recoveries of the added 
glutathione were also quantitative. 

Protein Binding in Vivo—Lee et al. (15) reported that a significant 
proportion of radiocystine injected intraperitoneally into rats was bound 
to the tissue proteins through S—S linkage in the Ist few hours after 
administration, and emphasized the necessity of liberating this material 
by treatment of the tissue with mercaptoethanol. Unfortunately, the 
data on which this statement was based were not given in detail. To 
investigate this point relative to glutathione, adult male rats weighing 
250 to 300 gm. were given an intravenous injection of 100 we. (2.5 mg.) 
of radioglutathione freshly neutralized with NaHCO; in a total volume 
of 0.5 ml. The animals were killed by decapitation at intervals of 1, 
2,4, 8, 12, and 24 hours after injection. Adrenals and liver were removed, 
homogenized, precipitated, and washed with 10 per cent SSA in the manner 
described. The protein precipitate was resuspended in a small volume 
of distilled water and divided approximately into two portions. To one 
portion 0.2 ml. of mercaptoethanol was added with shaking, and this was 
allowed to stand for 1 hour. Both the control and the treated suspension 
were then centrifuged and washed three times with distilled water. The 
final tissue residue was resuspended in a small volume of distilled water, 
poured into a tared Parr bomb cup, and dried to constant weight in an 
oven at 60°. To each cup were added 25 mg. of ammonium nitrate and 
1 ml. of decahydronaphthalene. 5 ml. of water were placed in the bottom 
of a Parr double valve bomb, and the mixture was ignited under 20 at- 
mospheres of oxygen. After cooling for an hour, the bomb was rinsed 
ten times with small volumes of distilled water. The combined washings 
were evaporated to dryness in a 250 ml. Erlenmeyer flask and the residue 
was taken up in distilled water and counted. 21 adrenal and 20 liver 
protein residues were treated in this fashion. No significant diminution 


of radioactivity as a result of treatment with mercaptoethanol was observed | 


in any of the samples. It was therefore considered unnecessary to add a 
mercaptoethanol step to the final procedure. 

Radioactivity Counting—At the beginning of these studies only a gas 
flow counter was available, and a planchet technique was developed. 

To determine the degree of self-absorption, a fixed amount of radio- 
glutathione was added to solutions of SSA varying in concentration so 
that the final weight of material on the planchet ranged from 6 to 25 mg. 
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No change in count was noted, indicating that infinite thickness counting 
was valid for these particular conditions. Subsequently a Packard Tri- 
Carb liquid scintillation spectrometer became available, and samples 
of 245 tissue extracts were then counted in triplicate by both methods. 
The scintillation system was almost twice as efficient as the planchets, 
and the coefficient of variation among scintillation triplicates was 0.11 
compared to 0.28 for planchet triplicates. 


Materials and Procedure 


S**-labeled glutathione was obtained from the Abbott Laboratories 
or Schwarz Laboratories, Inc., with activities ranging from 4.0 to 13.5 
uc. per mg. Before injection, this was diluted with carrier glutathione 
in isotonic saline and partially neutralized with saturated aqueous sodium 
bicarbonate so that the final solution contained 2.5 mg. of glutathione 
with a total activity of 10.0 we. per 0.5 ml. of solution. One aliquot (0.5 
ml.) from every batch of solution was evaporated to dryness and stored 
as a radioactivity standard. 

Adult male rats of the Holtzman-Rolfsmeyer strain, obtained from the 
Hormone Assay Laboratories and weighing 250 to 300 gm., were used. 
Hypophysectomized animals were obtained from the same source and 
shipped by air within 12 hours or 6 days after operation, as required. 
Purina laboratory chow and water were provided ad libitum until 15 
hours before the experiment, when all food was removed. 

Groups of four animals each were given 0.5 ml. of the glutathione solu- 
tion by tail vein, and decapitated at intervals of 1, 2, 4, 8, 12, and 24 hours 
after injection. The appropriate tissues were removed as rapidly as 
possible and processed according to the described procedure. The ex- 
perimental conditions investigated were as follows: (1) intact controls; 
(2) hypophysectomized rats 7 days after operation; (3) intact rats given 
1 HCU (human clinical unit) of corticotropin gel (Acthar gel, Armour) 
daily for 7 days, the last injection occurring 24 hours before administration 
of radioglutathione; (4) hypophysectomized rats 24 hours after operation 
given radioglutathione at zero time, 1 mg. of corticotropin (ACTH, Armour, 
lot No. 212-103) in saline at 1 hour, and killed at 2 hours. Controls 
received saline alone at 1 hour. 


Results 


Adrenal Glutathione—In spite of the use of pooled tissue from groups of 
four animals at each point in the time study, a considerable degree of 
variability was observed from experiment to experiment. This could not 
be minimized by any of the means we attempted. It was therefore neces- 
sary to determine numerous turnover curves in order to obtain data of 
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some significance. The events in the adrenal tissue of intact controls, 
7 day hypophysectomized, and 7 day corticotropin-stimulated intact 
rats are summarized in Table IT. 


TABLE II 


Concentration and Specific Activity of Adrenal Glutathione in Intact, 
Hypophysectomized, and Corticotropin-Treated Rats 


Time 
Type after 


tion 


Intact 1 


12 
24 


Hypophysecto- 1 
mized 7 days 


Intact + ACTH- | 1 
treated 7 days 


injec- 


Average SH con- Sulfhydry| Tissue 
groups | | centration | CGmulated | activity 
mg. per 
“toby | 100'mg. | | der mg. SH | 
weight 

6 14.1 13.1 0.87 2.92 27.5 
+3.6 +0.97 KX 105 +4.6 

5 14.2 0.88 2.86 29.4 
+5.5 <10-4 =+1.60 K 105 

6 13.1 0.65 2.37 18.4 
+0.8 +0.93 K 105 11 

2 13.0 2.06 K 105 26.2 

3 12.3 1.49 X 105 18.8 

2 13.4 0.89 & 105 12.1 

4 10.3 13.6 0.57 1.68 17.5 
+3.4 0.41 105 =+3.7 

4 13.6 0.46 1.89 20.5 
+2.0 =+0.76 X 105 +9.0 

4 13.7 0.40 1.62 16.0 
+5.7 +0.43 K 105 + 4.6 

2 11.3 0.86 & 10° 7.7 

2 7.1 0.61 * 105 4.4 

4 21.1 11.8 1.48 2.08 25.3 
+3.0 =+0.45 105 =+6.7 

5 14.7 2.18 2.62 34.9 
+3.5 =+0.94 K 105 42.1 

5 11.5 1.20 2.18 24.7 
+2.0 <x10-* +0.90 * 105 +9.6 

3 13.4 2.37 X 105 28.0 

3 13.1 0.85 & 105 10.0 


7 days after hypophysectomy, the adrenals had atrophied from a mean 
weight of 14.1 mg. per 100 gm. of body weight to a mean of 10.3 mg. per 
100 gm. of body weight, a decrease of 27 per cent. 


7 days of corticotropin 


stimulation increased the mean adrenal weight to 21.1 mg. per 100 gm. of 
body weight, an increase of 33 per cent. 
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In conformity with previous publications, the tissue concentration and 
specific activity of glutathione are tabulated as sulfhydryl rather than as 
glutathione; sulfhydryl can be converted to glutathione by multiplying by 
a factor of 11.04. The amount of glutathione administered (0.227 mg. 
of SH or 2.5 mg. of glutathione) was chosen to approximate physiological 
levels and also to avoid the toxic effects of larger doses (16). As may be 
expected, therefore, no change was observed in the concentration of adrenal 
sulfhydryl at any time interval after injection, nor did the values differ 
from the concentration of 11.7 + 2.2 mg. per 100 gm. observed in the 
adrenals of uninjected controls (1). In fact, as shown in Table II, the 
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Fig. 1. Specifie activity of glutathione in intact (I), hypophysectomized (H) 
and ACTH-treated (A) rats. 


adrenals accumulated at most only 2.18 K 10-4 per cent of the administered 
dose of GS*H. The fraction of the administered dose of radioactivity 
accumulated by the adrenal differed significantly among intact, hypophy- 
sectomized, and corticotropin-treated animals; however, these differences 
are apparently related to changes in adrenal weight rather than to altera- 
tions in accumulation or turnover rate. 

The concentration of tissue radioactivity is expressed both as counts 
per minute per mg. of fresh tissue and as specific activity of the tissue 
sulfhydryl. The latter data are shown in Fig. 1. No difference was 
observed between the sulfhydryl turnover in intact and in corticotropin- 
treated animals. However, a slight but important difference could have 
been obscured by the degree of variation encountered. The accumulation 
and turnover of glutathione in the adrenals of hypophysectomized rats 
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are significantly lower than those of the controls. These results are in 
agreement with our previous studies on rats treated up to 12 days with 
corticotropin: in these animals no change, or an actual fall in total sulfhy- 
dryl concentration of adrenal tissue, was observed. We therefore under- 
took to study the metabolism of adrenal glutathione under acute condi- 
tions, in which an increase in adrenal sulfhydryl concentration had been 
observed. 

Rats which had been hypophysectomized 24 hours previously were 
used in groups of four. All received 2.5 mg. of radioglutathione. At 1 
hour, the groups were injected intravenously in randomized order with 1.0 
mg. of ACTH in 0.5 ml. of saline or with 0.5 ml. of saline alone. At 2 
hours, the time of peak glutathione accumulation, the animals were killed 


III 
Acute Effects of Intravenous Corticotropin on Adrenal SH 
| Control Corticotropin-treated 
Experiment No. = 
| Adrenal SH | Specific activity Adrenal SH Specific activity 
1 | 13.6 | 1.25 21.0 | 2.77 
2 | 13.0 | 1.62 19.0 | 3.01 
3 | 14.5 | 1.45 10.1* | 5.25* 
Average..........| 13.7 1.48 20.0 2.89 


* Omitted from averages. See the text. 


by decapitation (Table III). The concentration of adrenal sulfhydryl 
increased from an average of 13.7 y per 100 mg. to 20.0 y per 100 
mg. The value of 10.1 y per 100 mg. obtained in the third ACTH- 
treated group is apparently a technical error in iodometric titration, since 
both the specific activity of that particular sample and all the other quanti- 
tative glutathione determinations indicate that this figure must be er- 
roneous. The use of radioglutathione permits the conclusion that the 
rise in adrenal sulfhydryl concentration is not a relative increase due to a 
loss of tissue water or other components, but is an actual increase in 
concentration as a result of accelerated uptake. The specific activity 
of the sulfhydryl rises from a mean 2 hour control value of 1.45 xX 10° 
to a level of 2.89 & 10°, even if the spuriously high value from the third 
ACTH group is omitted from computation. The identity of the results 
obtained by the amperometric and by the cadmium method (Table I) 
indicates that this adrenal sulfhydryl can be equated with glutathione, 
whether exogenous or endogenously formed. 
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Liver Glutathione—Concomitant studies on the concentration and specific 
activity of liver glutathione were carried out in most instances, the results 
of which are shown in Table IV and Fig. 2. Liver glutathione concentra- 
tions of intact, hypophysectomized, and corticotropin-treated rats do 
not differ significantly. The decline in glutathione concentration observed 
by 8 hours in all groups is probably the result of the continued fasting to 
which the animals were exposed (15 hours before the start of the experi- 


TaBLe IV 


Concentration and Specific Activity of Liver Glutathione in Intact, 
Hypophysectomized, and Corticotropin-Treated Rats 


Type after in SH Specific activity + s.d. Tissue 
hrs. > per 100 mg. c.p.m. per mg. SH c.p.m. per mg. lissue 
Intact 5 1 12.3 42.6 1.77 + 0.64 10° 14.0 + 3.5 
6 2 | 14.3 + 3.8 | 2.07 + 0.69 & 10° | 23.7 + 9.0 
5 4 | 10.7 41.4 1.49 + 0.52 10° 14.5 + 4.0 
2 6.0 1.89 105 11.3 
2 12 | 6.9 1.46 & 105 7.7 
2 24 9.8 0.73 & 105 4.6 
Hypophysecto- 3 1 | 15.3 + 4.6 2.37 X 105 19.5 + 3.1 
mized 7 days 3 2 14.3 + 2.6 2.41 X 105 21.8 + 5.0 
2 4 10.5+1.4 2.51 x 105 15.8 + 2.5 
1 8 | 8.8 1.22 x 105 11.0 
12 | 
1 24 8.0 0.74 X 105 5.3 
Intact + ACTH- 4 1 $11.7 42.3 2.59 + 0.18 * 105 28.9 + 8.9 
treated 7 days 5 2 | 9842.5 2.33 + 0.35 105 | 22.44 9.1 
4 4 1064 2.5 1.75 0.60 10° | 18.4 + 11.1 
3 8 | 8.5 1.39 & «105 12.0 
12 | 
3 | 4 | 10.8 0.74 X 108 7.0 


ment plus 8 to 24 hours of experimental time). At all events, each of the 
groups showed the same phenomenon, apparently uninfluenced by the 
level of adrenal cortical activity. The turnover as shown in Fig. 2 was 
similar for all three groups of animals, indicating that glutathione, at least 
in the liver, was not influenced by hypophysectomy as it was in the adrenal. 
The ineffectiveness of ACTH treatment was in concordance with our 
previous studies, in which neither acute nor comparatively prolonged 
corticotropin treatment had any significant effect on total non-protein 
liver sulfhydryl. 

Great care must be exercised in the interpretation of data relating to 
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liver, and probably also adrenal, glutathione which are based on isotope de 
measurements, since the dissolution and recombination of the glutathione da 
molecule take place with great rapidity. Waelsch and Rittenberg (17), e 
for example, noted that the half life of N'*-labeled glycine in the glutathione | 
molecule was considerably less than 8 hours. Anderson and Mosher (18) 
have shown that incorporation of S*5-labeled cystine into liver glutathione | ™ 
reaches a maximum within 3 hours. Since there is good evidence that | " 
glutathione is synthesized in situ and not merely transported to the cell ” 
from elsewhere, and since the reactions in which the radiosulfur can take : 
he 
: 
lin 
2- fa 
m 
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a 
\- m 
st 
m 
= h: 
st 
4 12 24 b 
TIME IN HOURS 
Fic. 2. Specific activity of liver glutathione in intact (I), hypophysectomized a 
(H), and ACTH-treated (A) rats. Ww 
W 
part are known to be manifold, we do not consider our data suitable for a 
detailed calculations of glutathione kinetics. g 
DISCUSSION 
The adrenal cortex responds to acute stimulation with a prompt drop 
in ascorbic acid and a somewhat slower fall in cholesterol. In the con- » 
tinuously stimulated gland, hyperplasia and hypertrophy occur and the ? t 
concentration of cholesterol returns to normal or even super normal levels . 
despite the hyperactive state. A comparable mechanism may well exist t 
with respect to glutathione: a brief stimulus brings about a prompt rise . 
in glutathione accumulation, while the continuously stimulated gland 
settles down to a normal turnover rate. Our earlier studies indicate 
that prolonged stimulation for periods up to 12 days eventually leads to a F 
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depletion of adrenal glutathione which is not fully restored even after 5 
days without corticotropin. Needless to say, the relation of steroidogenesis 
to the changes observed in all three of these compounds is a matter for 
speculation at the present time. 

If the accumulation of radioglutathione could be standardized within 
sufficiently narrow limits of reproducibility, it might well be adaptable to 
the bioassay of corticotropin. Technically simple liquid scintillation 
counting of a sulfosalicylic acid extract of adrenal tissue without cadmium 
precipitation or other handling might suffice; indeed, the new gel-counting 
techniques might make possible the counting of an aliquot of the adrenal 
homogenate itself. However, the intermittent availability as well as 
appreciable cost of radioglutathione are important disadvantages. 

Of greater interest to us is the possible relation of these changes in adrenal 
glutathione metabolism to steroid hormone production. Attempts to 
link changes in adrenal ascorbic acid directly with steroid biosynthesis have 
failed so far, and the relationship between steroidogenesis and glutathione 
may be equally obscure. The addition of glutathione to adrenal perfusates 
has been ineffective in increasing the rate of adrenal steroid synthesis (19). 
Although glutathione in the erythrocytes of the perfusate is probably not 
available for tissue use, some is present in the tissue from the outset and 
more is released by inevitable hemolysis during perfusion. The addition of 
still more of this material may therefore not give much insight into its 
mechanism of action. On the other hand, Davison and Hofmann (20) 
have blocked the sulfhydryl groups in adrenal tissue and shown that 
steroidogenesis was halted. Under the conditions of this experiment 
both glutathione and the sulfhydryl groups of proteins were equally at- 
tacked, and it is impossible to say whether glutathione depletion or en- 
zyme inactivation was responsible for the observed effect. Recently 
we have developed a method for depleting tissue non-protein sulfhydryl 
without affecting protein sulfhydryl groups (21). This method and its 
application to the problem of the role of glutathione in adrenal steroido- 
genesis will be the subject of future communications. 


SUMMARY 


Glutathione turnover in rat adrenal and liver was studied by means of 
an improved Binet and Weller procedure adapted for use with S**-gluta- 
thione. Acute stimulation with corticotropin produced a prompt increase 
in adrenal glutathione concentration as a result of increased uptake. In 
the adrenal cortex hypertrophied by 7 days of corticotropin stimulation, 
turnover Was indistinguishable from that of normal controls. Rats studied 
| week after hypophysectomy showed diminished turnover. Neither 
hypophysectomy nor corticotropin stimulation altered the measured 
parameters of liver glutathione metabolism. 
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THE LOCALIZATION AND TURNOVER OF GLUTATHIONE IN 
THE RAT TESTIS 
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(From the Department of Endocrinology, the Southwest Foundation for 
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Sulfhydryl compounds have been demonstrated in various regions of 
the male reproductive tract: glutathione has been found in spermatozoa 
(1, 2) and ergothioneine and possibly other sulfhydryl compounds originate 
in the prostate and seminal vesicles and are known to be influential con- 
stituents of seminal fluid (3). Little is known, however, about the identity 
or function of sulfur compounds in testis tissue. Ergothioneine does not 
appear to be present at least in rat testis (4), and the autoradiographic 
studies of Glucksmann et al. (5) with radiomethionine did not provide 
information on soluble radioactive tissue constituents. 

Studies from this laboratory (6, 7) on the association of glutathione 
with adrenal cortical function suggested that it might be worth while to seek 
a comparable relation of glutathione to the interstitial cells of the testis. 


Methods 


The amperometric measurement of total non-protein sulfhydryl and 
the modified Binet-Weller cadmium mercaptide method previously de- 
scribed (7) were used. Testis tissue was obtained by incising the tunicas 
of one to four pairs of rat testes and squeezing out the parenchyma by 
finger pressure and thin forceps onto a tared piece of Parafilm. The 
weighed tissue was allowed to slide into the cup of a micro-Waring blendor, 
10 per cent sulfosalicylic acid was added up to the shoulder of the blendor 
cup, and the tissue homogenized and extracted in the manner described 
previously for liver tissue. 

Fourteen recovery experiments were carried out with testis tissue 
homogenate. In some cases glutathione was added directly to the homo- 
genate, in others to the supernatant fluid after centrifugation. Recoveries 
ranged from 97.2 to 101.4 per cent. The possibility that glutathione might 
be bound to tissue protein by disulfide linkages was studied in twenty-five 
samples of tissue by the mercaptoethanol procedure already outlined (7). 
No evidence was obtained for the liberation of additional quantities of 
glutathione by this means. 

It has been shown that the amperometric and the cadmium mercaptide 
methods yield identical values with pure glutathione, whereas about 70 
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per cent of cysteine is measured by the cadmium method, and ergothioneine 
gives no mercaptide at all under these conditions. It was therefore of 
interest to compare the value for total non-protein sulfhydryl determined 
by amperometry with the value obtained by cadmium precipitation in 
various samples of testis tissue from rats of different stock, age, and nu- 
tritional background. The results are shown in Table I. Total testis 


TaBLe I 


Concentration of Non-Protein Sulfhydryl in Testis Tissue Measured by 
Amperometric and Modified Cadmium Methods 


Amperometric Cadmium-precipitated SH x 100 
> per 100 mg > per 100 mg 

8.78 4.02 46.0 

5.75 4.05 70.5 

20.1 7.14 35.7 
9.70 7.91 81.5 

9.50 7.05 75.3 

13.0 10.8 83.0 
6.52 5.38 82.5 

11.0 7.97 72.5 
14.3 11.8 82.5 
12.4 9.26 75.0 
4.75 5.00 105.0 

4.72 4.23 89.7 

6.06 3.11 51.3 

5.13 3.72 72.5 

8.24 6.98 84.6 

9.11 7.66 84.0 

9.37 9.01 96.3 
Average......... 9.33 6.77 75.8 


non-protein sulfhydryl averaged 9.33 + 4.0 y per 100 mg., whereas cad- 
mium-precipitable mercaptide averaged only 6.77 + 2.6 y per 100 mg., or 
about 76 per cent of the total sulfhydryl value. It is therefore clear that 
glutathione is not the only sulfhydryl compound in testis tissue. It is 
also of interest to note that the component (largely glutathione) repre- 
sented by cadmium mercaptide has a range of concentration of 3.1 to 
11.8 y per 100 mg., whereas the total sulfhydryl had a much greater varia- 
tion, ranging from 4.7 to 20.1 y per 100 mg. In view of these findings, 
the cadmium-mercaptide method was employed for subsequent experi- 
ments. 


_ 
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Experiment I—Adult male rats weighing 250 to 350 gm. were lightly 
anesthetized with sodium pentobarbital and their unshielded scrota ex- 
posed to unfiltered 100 kv. x-rays for a dose of 750 r. given at the rate of 
140 r. per minute. Half of the animals received a second dose 48 hours 
later. Irradiated and control animals were maintained on a stock diet of 
Purina fox checkers and water ad libitum. Groups of four animals were 
decapitated at weekly intervals; the testes were removed and the paren- 
chyma collected on Parafilm and weighed. <A portion was fixed in Bouin’s 
fluid (diluted 1:4) for histological examination and the remainder was 
used for the determination of glutathione. The entire experiment was 
repeated so that two groups of data would be available at each dose level. 
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WEEKS AFTER IRRADIATION 
Fic. 1. Weight and glutathione concentration of rat testes after irradiation 


Heavy doses of radiation were used to insure destruction of tubular 
tissue and to accelerate, if possible, the appearance of hypertrophy and 
hyperplasia of the interstitial cells. As a consequence, the extent of the 
changes was similar in animals receiving one or two doses of radiation, 
particularly since the determinations were begun only a week after exposure. 
The results are therefore combined in Fig. 1. 

Testis weight dropped from control values of 1.5 to 0.5 gm. 28 days 
after irradiation. Most of the weight loss was the result of tubular de- 
generation and occurred within the Ist 14 days. By comparison, Eschen- 
brenner and Miller (8) obtained only a 50 per cent decrease in testis weight 
after giving mice 300 r. of total body irradiation over a period of 6 weeks. 

Testis glutathione concentration also was severely reduced by irradia- 
tion. Variation from group to group was considerable, however, probably 
indicating that cellular disorganization and destruction, with changes in 
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the proportion of tubules, stroma, and Leydig cells, were not uniform. 
The parallelism between testis weight loss and diminishing glutathione 
concentration leaves little doubt that the seminiferous tubules are the 
chief repository of testicular glutathione. We did not attempt to correlate 
changes in particular spermatogenic elements with changes in glutathione 
concentration. However, since selective effects can be obtained repro- 
ducibly with carefully graded doses of radiation, such studies are feasible 
and might yield important data. Of interest is the absence of any ap- 
preciable rise in glutathione concentration toward the end of the experi- 
ment, at a time when interstitial cell hyperplasia made its appearance. 

The histological changes were characteristic of the effect of massive 
irradiation and have already been described extensively by others (9-12), 
1 week after irradiation, the testes showed severe necrosis of the semi- 
niferous epithelium; large macrophages and amorphous debris filled 
the tubular lumina. Interstitial edema was slight and no alterations of the 
interstitial cells were observed. 2 weeks after irradiation, there was 
evidence of shrinkage and disappearance of the tubules and condensation of 
the stroma. Patches of interstitial edema were frequent. Sertoli cells 
remained in the shrunken tubules, and the interstitial cells showed ag- 
gregation due to collapse of the stroma, but no hypertrophy or hyperplasia. 
3 weeks after irradiation, nearly all of the tubules showed complete de- 
generation of all but the Sertoli cells, as well as beginning peritubular 
fibrosis. In testes exposed to a single dose of 750 r., a few remnants of 
spermatogenic epithelium could be distinguished. The interstitial cells 
and supporting stroma showed condensation; in some areas there was a 
suggestion of interstitial cell hyperplasia. 4 weeks after irradiation, only 
collapsed thickened tubules containing Sertoli cells were found. The 
interstitial cells appeared hyperplastic and hypertrophic. No quantitative 
measurements were performed. There was no question on morphological 
grounds that hyperplasia and not mere condensation accounted for the 
homogeneous masses of interstitial cells, undivided by bands of collapsed 
reticulum or connective tissue fibers. 

In view of the functional association observed in another steroidogenic 
tissue (adrenal cortex) between glutathione and cellular activity, com- 
parable relations between testicular interstitial cells and glutathione were 
sought. In the preceding experiment, it was not possible to associate 
changes in tissue glutathione with the hypertrophy and hyperplasia of the 
interstitial cells after irradiation because the concentration of sulfhydryl 
compounds in the tubules comprising the great bulk of the parenchyma 
effectively obscured any existing relationship even in the extensively 
damaged testis. Moreover, the variability of sulfhydryl concentration in 
damaged testes, together with evidence for the presence of more than one 
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sulfhydryl compound, made the detection of changes in testicular sulfhydryl] 
specifically associated with interstitial cell phenomena impossible by this 
approach. A study of the turnover of S*-labeled glutathione was therefore 
undertaken. 


Taste Il 


Concentration and Specific Activity of Testis Glutathione in Intact, Hypophysectomized, 
Corticotropin-Treated, and Gonadotropin-Treated Rats 


No. of | 


| Average | Average 
hes. | | gm. | meg. page 
Intact | 1.50 0.42 10°) 3.2 9.0 
2 | | 0.40 10* 2.8 
4 | 0.37 3.0 
0.53 10° 4.2 
24 | 0.67 X 10°) 5.2 
7 day hypophysectomized | 1 3 | 1.39 |0.50x 105) 1.8 9.1 
2 | 0.26 1.8 
4 | 0.22 1.9 
8 0.23 105) 1.9 
24 0.27 105} 2.0 
7 day ACTH-treated 3 1.36 | 108 5.3 9.1 
2 0.60 105 4.8 
4 5.3 
8 0.50 105 5.0 
24 105 4.0 
7 day chorionic gonado- 1 2 1.32 0.70 * 10° 7.2 9.2 
tropin-treated 2 0.65 * 10° 6.1 
4 0.70 105 6.3 
8 | 0.78 x 108 7.0 
24 | 105 6.0 | 


Experiment I]—Intact untreated, 7 day posthypophysectomized, and 
intact corticotropin-treated rats were studied at 1, 2, 4, 8, and 24 hour 
intervals after intravenous administration of 2.5 mg. of glutathione con- 
taining 10 we. of S*®. The concentration and specific activity of cadmium- 
precipitable sulfhydryl in the adrenals and livers of these animals have 
been reported (7); data on the testes are presented below. In addition to 
these groups of test animals, further experiments were carried out in 
intact rats given massive doses of chorionic gonadotropin. 50 i.u. of 
chorionic gonadotropin were injected daily for 7 days before S*-glutathione 
studies were performed. The results are summarized in Table IT. 
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In contrast to adrenal and liver tissue, the testis did not demonstrate 
active uptake of glutathione. In all groups the tissue radioactivity as wel] 
as the specific activity of the glutathione remained constant, within the 
accuracy of the method, over the entire experimental period. At every 
time interval both tissue radioactivity and glutathione specific activity were 
lower in the hypophysectomized animals than in the other groups, but the 
difference was not statistically significant. Differences in the levels of 
glutathione specific activity of intact, corticotropin-treated, or gonado- 
tropin-treated groups also were not significant. The relative inertia of 
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Fic. 2. Concentration of S** in adrenal, liver, and testis tissue after intravenous 
injection of S*5-glutathione. 


testicular glutathione, compared to that of adrenal and liver, is illustrated 
in Fig. 2. 


DISCUSSION 


Glutathione and other sulfhydryl-bearing compounds are present in 
testicular tissue in significant amounts. Their role in testicular function 
is obscure, but a few preliminary facts have emerged in the course of this 
study. Glutathione is apparently associated with the spermatogenic 
elements and, judging from our earlier studies, is not bound to tissue 
protein through disulfide bonds. Although normal seminiferous epithelium 
exhibits great cellular activity, turnover of S* from glutathione seems to 
be of a very low order. Furthermore, neither the S** turnover nor the 
concentration of glutathione is altered significantly 1 week after hypo- 
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physectomy, at which time the germinal epithelium already presents 
histological evidence of involution. These observations may indicate 
that glutathione is used in an active though restricted manner by the 
developing spermatozoa, or possibly that glutathione is not actively 
concerned in tubular function. A role for glutathione in Leydig cell 
steroidogenesis has not been elucidated. The overwhelming concentration 
of glutathione in other parenchymal components, together with the rela- 
tive insignificance of the entire mass of interstitial tissue (approximately 
5 per cent of the total testicular tissue), has served effectively to conceal 
any existing relationship. Other techniques will have to be devised for a 
more satisfactory approach to this problem. 


SUMMARY 


Massive doses of x-ray to rat testicles produced the characteristic loss 
of testicular weight due to necrosis of spermatogenic elements. An 
associated decline in glutathione concentration was observed. 

Studies of testicular glutathione turnover in intact, hypophysectomized, 
corticotropin-treated, and chorionic gonadotropin-treated rats revealed a 
very low turnover rate, unaffected by the various superimposed endocrine 
alterations. 
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ENZYMATIC SYNTHESIS OF 5’-PHOSPHATE 
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Analogues of natural purines and pyrimidines have been synthesized 
and examined for biological activity, and a number of these have been 
found to inhibit the growth and metabolism of various tissues. Since 
certain of these compounds are more inhibitory to the growth of neoplastic 
than of normal cells, it is of importance that we understand the biochemical 
mechanisms by which they act. 

Much of the evidence suggests that analogues such as 8-azaguanine 
(1-3) and 2,6-diaminopurine (4, 5) inhibit cell growth after conversion to 
more active substances. The formation of “defective’’ nucleic acids due 
to incorporation of these compounds was considered as a possible explana- 
tion of the growth failure, and, indeed, some of these analogues are found 
to enter nucleic acids very readily (5-8). However, organisms and tissues 
which are not appreciably affected metabolically may incorporate the drugs 
as readily as those which are inhibited (6, 8, 9). This has encouraged the 
search for alternative explanations for the actions of these analogues. 

The importance in metabolism of nucleotides containing bases other than 
adenine has been fully appreciated only recently. Polyphosphate nucleo- 
tides of most of the natural purines and pyrimidines have been found in a 
number of tissues (10-12), and major metabolic functions have now been 
assigned to some of these. For example, guanine and hypoxanthine nu- 
cleotides serve as coenzymes for such reactions as the incorporation of 
amino acids into microsome protein (13, 14), the ‘substrate level” phos- 
phorylation of a-ketoglutarate oxidation (15), phosphoenolpyruvate car- 
boxylation (16), and the conversion of IMP to AMP (17).'. These obser- 
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' The following abbreviations are used: adenosine 5’'-mono-, di-, and triphosphate, 
AMP, ADP, and ATP, respectively; inosine 5’-phosphate, IMP; 8-azaguanosine 
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vations raise the possibility that purine and pyrimidine analogues may 
block growth and metabolism by acting at the nucleotide rather than at 
the nucleic acid level, perhaps by the formation of ‘defective’? coenzymes, 
With this in mind, we have undertaken the preparation of nucleotide eo. 
enzymes containing analogues in place of the natural bases. 

This report is concerned with the enzymatic synthesis of nucleotide 
monophosphates containing various analogues. Two methods have been 
employed: phosphorylation of nucleosides by the transphosphatation pro- 
cedure of Brawerman and Chargaff (18) and the interaction of the analogues 
with PRPP in the presence of nucleotide pyrophosphorylases (19-21). 

Materials 

AMP and ATP (crystalline disodium salt) were purchased from the 
Pabst Laboratories. The barium salt of ribose 5-phosphate (Schwarz 
Laboratories, Inc.) was converted to the potassium salt before use.  6- 
Mercaptopurine was obtained from the Nutritional Biochemicals Corpora- 
tion. Samples of 2,6-diaminopurine and 8-azaguanine were generously 
provided by the Lederle Laboratories. The adenine, guanine, and hypo- 
xanthine analogues of the pyrazolo(3 ,4-d)pyrimidine series were a gift of 
Dr. R. K. Robins (22). The purities were tested by chemical analysis, 
ultraviolet spectrophotometry, and paper chromatography. Other chemi- 
cals were of the highest grade of purity commercially available. 


Enzyme Preparations 


Inorganic pyrophosphatase? was partially purified by ammonium sulfate 
fractionation from bakers’ yeast, as described by Heppel and Hilmoe (23). 
5’-Nucleotidase was kindly furnished by Dr. D. Gibson. This enzyme was 
obtained from rattlesnake venom and purified according to the procedure 
described by Hurst and Butler (24). Purine nucleoside phosphorylase 
was purified from beef liver acetone powder (25). Acetone powders of 
liver were prepared by homogenizing fresh liver in 5 volumes of acetone 
(—15°), followed by filtration through a Biichner funnel. The residue 
was immediately rehomogenized in cold acetone, filtered, dried in air, and 
stored at —15°. Extracts were prepared by stirring acetone powders in 
10 volumes of 0.01 m Tris-HCl buffer, pH 8.0, for 15 minutes at 0°. The 
residues were removed by centrifugation and, unless otherwise stated, the 
supernatant fluids were dialyzed against several changes of 0.01 m Tris-HCl 
buffer. These dialyzed extracts were either used immediately or lyophil- 


5’-phosphate, 8-aza-GMP; guanosine triphosphate, GTP; uridine triphosphate’ 
UTP; diphosphopyridine nucleotide, DPN; 5-phosphoribosyl-1-pyrophosphate 
PRPP; tris(hydroxymethyl)aminomethane, Tris; ribonucleic acid, RNA. 

2 The preparation employed hydrolyzed 6.7 umoles of pyrophosphate per minute 
per ml. of enzyme. 
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ized and stored at —15° for future use. Purine nucleotide pyrophos- 
phorylase activity was obtained from a dialyzed, centrifuged autolysate 
of brewers’ yeast (20), as well as from hog and beef liver acetone powders. 
Extracts of barley malt were employed for transphosphorylation activity 
18). 

) The enzyme for preparing PRPP was purified from pigeon liver (26). 
All the steps were carried out at 0-5°. A homogenate was made by using 
a Potter-Elvehjem homogenizer to contain by volume 1 part of liver and 
1.5 parts of a solution of 0.15 M KCl and 0.01 m Tris-HCl buffer, pH 8.0. 
Extracts were prepared from the homogenate by centrifugation at 18,000 x 
gfor 15 minutes. The residue was discarded and 95 per cent ethanol was 
added slowly to the supernatant fluid until a concentration of 15 per cent 
by volume was achieved. The precipitate was collected by centrifugation, 
suspended in 15 per cent ethanol, recentrifuged, and dissolved in 0.1 m 
phosphate buffer, pH 7.4. The solution was centrifuged to remove insolu- 
ble particles, lyophilized, and stored at —15°. 


Determinations 


Pentose was determined by the orcinol procedure (27), a 40 minute heat- 
ing period being employed with AMP as the standard. Orthophosphate 
was determined by the Fiske-Subbarow method (28). <Acid-labile phos- 
phate was measured as the orthophosphate liberated after heating at 100° 
for 10 minutes in 1 N H.SO,. Total phosphate was determined after heat- 
ing at 150° for 1 hour in 10 N H,SO,4. Orotie acid and orotidine 5’-phos- 
phate pyrophosphorylase were employed in the spectrophotometric 
measurement of PRPP (29). 

All spectrophotometric determinations were carried out in a Beckman 
model DU spectrophotometer with a photomultiplier attachment which 
made possible measurements in the presence of crude protein solutions and 
other extraneous ultraviolet-absorbing materials. Nucleotides were sepa- 
rated from nucleosides and bases by paper chromatography with an am- 
monium acetate and ethanol solvent system (30). 

Preparation of PRPP—-PRPP was prepared and isolated by a modifica- 
tion of the method of Remy et al. (21). The incubation mixture consisted 
of 1.8 mmoles of ATP, 2.4 mmoles of ribose 5-phosphate, 9.6 mmoles of 
MgCl.-6H.O, 18 mmoles of potassium phosphate buffer, pH 7.4, and lyo- 
philized 0 to 15 per cent ethanol fraction of pigeon liver extract in a total 
volume of 600 ml. The incubation was carried out at 37°. The amount of 
enzyme employed and time of incubation necessary in each preparation 
were determined by a preliminary small scale experiment in which the 
rate of PRPP synthesis was measured. The reaction was terminated by 
chilling the incubation mixture to 0° and adding 26 gm. of Norit A. All 
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subsequent steps were carried out at temperatures below 5°. The mixture 
was agitated occasionally for 15 minutes, filtered through a layer of Celite, 
and 40 gm. of MgCl:-6H2O were dissolved in the filtrate. The crude pre- 
cipitate which formed upon the addition of 4 volumes of cold ethanol was 
collected by centrifugation. The precipitate was dried with alcohol and 
ether and stored at —15°. 

The precipitate was extracted three times with 30 ml. of cold distilled 
water. The extracts were combined and added to a Dowex 1-formate 
column (10 em. X 3 sq. cm., 200 to 400 mesh, 10 per cent cross-linked) at 
a rate of 2 ml. per minute. The column was washed with 100 ml. of water 
at a rate of 5 ml. per minute and eluted by the gradient procedure of Hurl- 
bert et al. (10). The mixing flask contained 500 ml. of distilled water and 
the reservoir contained 1.5 M ammonium formate, pH 5.0. This procedure 
resolved the incubation mixture into three ribose-containing fractions, 
The PRPP was eluted as the last ribose-containing peak which appeared 


after approximately 25 resin bed volumes of eluent. The fractions con- — 


taining PRPP were pooled and neutralized to pH 7.5. Upon the addition 
of 20 gm. of MgCl.-6H.O and 4 volumes of cold ethanol, the PRPP pre- 
cipitated as the magnesium salt. The Mg PRPP was washed with ethanol 
and ether and dried in vacuo. This procedure resulted in the isolation of 
0.40 to 0.54 mmole of Mg PRPP. 


Results 


Since various laboratories have reported the enzymatic synthesis of 
nucleotides from their respective bases (26, 31, 32), attempts were made to 
synthesize 8-aza-GMP directly from 8-azaguanine. Preliminary experi- 
ments in which ATP, ribose 5-phosphate, Mg*+, 8-azaguanine, and phos- 
phate buffer were incubated with a pigeon liver enzyme system (26) failed 
to result in appreciable conversion of 8-azaguanine to 8-aza-GMP. The 
apparent explanation of these failures will be discussed below. 

8-aza-GMP Formation by Transphosphorylation of 8-Azaguanosine—In 
subsequent studies the preparation of 8-aza-GMP was attempted by en- 
zymatic phosphorylation of the nucleoside, 8-azaguanosine. The isolation 
of beef liver purine nucleoside phosphorylase free from phosphoribomutase 
(25) permitted the syntheses of ribose 1-phosphate and 8-azaguanosine by 
procedures similar to those of Friedkin (33) as shown in Equations 1 and 2. 


(1) Inosine + orthophosphate =~ ribose 1-phosphate + hypoxanthine 
(2) 8-Azaguanine + ribose 1-phosphate = 8-azaguanosine + orthophosphate 


The 8-azaguanosine was prepared from a reaction mixture containing 
0.4 mmole of ribose 1-phosphate, 1.0 mmole of 8-azaguanine, and 20 mg. 
of beef liver purine nucleoside phosphorylase (Fraction III of Rowen and 


K 
an 
in 
TI 
3 
ch 
el 
20 
an 
sic 
al 
m 
auc 
m 
(| 
| (3 
| p 
A 
re 
sl 
of 
I 
it 
| 
e 


ng 


id 


J. L. WAY AND R. E. PARKS, JR. 471 


Kornberg (25)) in 160 ml. The reaction mixture was incubated at pH 7.7 
and 30° for 24 hours. The reaction was terminated by heating the mixture 
in a boiling water bath and the residue was removed by centrifugation. 
The supernatant fluid was passed through a Dowex 50-H* column (3 em. X 
3 sq. em., 200 to 400 mesh, 12 per cent cross-linked) to remove the un- 
changed 8-azaguanine which was added in excess in the reaction. The 
eluate was placed on a Dowex 1-formate column (10 cm. X 3 sq. em., 
900 to 400 mesh, 10 per cent cross-linked), washed with 200 ml. of water, 
and eluted with 0.1 m formie acid. The fractions containing the nucleo- 
side, 8-azaguanosine, which appear after 30 resin bed volumes, were pooled 
and lyophilized to a dry powder. By this procedure approximately 0.2 
mmole of 8-azaguanosine was isolated. 

In order to form the 5’-phosphate nucleotide, 8-azaguanosine was inter- 
acted with phenylphosphate, as in Equation 3, in the presence of barley 
malt phosphatase, according to the method of Brawerman and Chargaff 


(18). 


(3) 8-Azaguanosine + phenylphosphate — phenol + orthophosphate + 8-aza-GMP 


The nucleotide was isolated by paper chromatography and detected on the 
paper as a fluorescent spot in ultraviolet light and by uranium fixation (34). 
Although the formation of 8-aza-GMP can be demonstrated by this step- 
wise synthesis, the nucleotide was produced in insufficient amounts to con- 
sider adoption of this approach for large scale preparations. However, 
recently Tunis and Chargaff (35) have reported the purification of a nucleo- 
side phosphotransferase from carrots which carries out the phosphorylation 
of nucleosides in very good yield. This may make this type of nucleotide 
synthesis a practical one. 

Reaction of 8-Azaguanine with Purine Nucleotide Pyrophosphorylase—In 
view of the isolation and characterization (21, 29) of a new intermediate, 
PRPP, which interacts with purine and pyrimidine bases to form their 
respective 5’-phosphate nucleotides, that method has now been employed 
in preparing nucleotides of purine analogues in good yields by the reaction 
shown in Equation 4. 

(4) 8-Azaguanine + PRPP 8-aza-GMP + pyrophosphate 

It was found that the incubation of 8-azaguanine with PRPP in the pres- 
ence of a dialyzed extract of beef liver acetone powder resulted in nucleo- 
tide formation. However, chromatographic and _ spectrophotometric 
examinations before and after acid hydrolysis revealed the product to con- 
sist of a mixture of 8-aza-GMP and 8-azaxanthine. Apparently the en- 
zyme guanase, found in beef liver, brought about the deamination of 8- 
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azaguanine to 8-azaxanthine, resulting in gross contamination of the desired 
product. This difficulty was overcome by employing extracts of hog liver, 
since this tissue is virtually devoid of guanase activity (36). It was then 
possible to form 8-aza-GMP in essentially quantitative yields with respect 
to initially added PRPP. 

Preparation and Isolation of 8-aza-GM P—The incubation mixture (800 
ml.) contained 0.80 mmole of 8-azaguanine, 0.40 mmole of PRPP, 80 
mmoles of MgCl,-6H.O, 80 mmoles of Tris-HCl buffer, pH 7.0, and 700 
mg. of the dialyzed, lyophilized hog liver acetone powder extract. After 
being incubated for 30 minutes at 37°, the mixture was heated to 95° in a 
boiling water bath, maintained above this temperature for 2 minutes, 
immediately cooled, and centrifuged to remove the residue. The residue 
was resuspended in 100 ml. of distilled water and centrifuged. The super- 
natant fluids were pooled and passed through a Dowex 50-H?t column (5 
em. X 1 sq. em., 200 to 400 mesh size, 12 per cent cross-linkage) to remove 
the unchanged 8-azaguanine which was added in excess to the reaction 
mixture. The eluate was neutralized to pH 8.0 with 1 m NH,OH and added 
to a Dowex 1-formate column (10 em. X 3 sq. em., 200 to 400 mesh, 10 
per cent cross-linked) at a rate of 2 ml. per minute. The column was 
washed with 150 ml. of water and eluted at a rate of 5 ml. per minute by a 
gradient procedure (10) with 500 ml. of distilled water in the mixing flask. 
The reservoir flask contained initially 0.15 M ammonium formate, pH 5.0. 
After 250 ml. of the eluate were collected from the column with an auto- 
matic fraction collector, the solution in the reservoir flask was changed to 


1.5 M ammonium formate, pH 5.0, to elute the 8-aza-GMP. The fractions 


containing the nucleotide were pooled and adsorbed on a column (3 em. X 
1 sq. cm.) containing a mixture of equal amounts of Celite and Darco 8-51. 


The column was washed with water and eluted with a solvent system con- | 
taining 50 per cent ethanol and 3 per cent NH,OH. About 70 to 85 per | 


cent of the 8-aza-GMP can be recovered from the charcoal column. The 
solvent was evaporated and the nucleotide stored as a dry powder. This 
procedure resulted in the isolation of approximately 0.3 mmole of 8-aza- 
GMP. 

Characterization and Properties of 8-aza-GM P—A sample of the isolated 
nucleotide was submitted to chemical and spectrophotometric analyses 
and found to have an approximately equimolar ratio of 8-azaguanine to 
ribose to phosphate. The phosphate group was shown to be on the 5’ 
position by use of the enzyme, 5’-nucleotidase, which liberated 8-azaguano- 
sine from the nucleotide. After 1 hour incubation of 0.5 umole of the 
nucleotide with Mgt+ and 5/-nucleotidase at pH 8.5 and 37° (24), the 
reaction mixture was deproteinized by heating for 90 seconds and sub- 
mitted to paper chromatography in an ethanol-ammonium acetate solvent 
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system (30). A single fluorescent spot was detected with an Ry, of 0.73, 
corresponding to that of the riboside, 8-azaguanosine. In this system the 
nucleotide 8-aza-GMP migrates with an R, of 0.28, which is similar to the 
R, of other mononucleotides. The fluorescent spot was eluted with 0.01 
uw phosphate buffer, pH 7.4, and found to have an ultraviolet spectrum 
similar to that of 8-azaguanosine. 

Fig. 1 shows the ultraviolet spectra of 8-aza-GMP at acid, neutral, and 
alkaline pH values. It is to be noted that these spectra are almost identical 
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Fia. 1 2 
Fic. 1. Ultraviolet absorption spectra of 8-aza-GMP (0.035 umole per ml.). ——., 
0.01 m potassium phosphate buffer, pH 7.5; ...., 0.01 m HCl; ---, 0.01 m KOH. 


Fig. 2. 8-aza-GMP (0.1 umole) was hydrolyzed with 0.6 Nn HCl by heating in a 
boiling water bath for 30 minutes. It was cooled, neutralized to pH 7.4, and the 
ultraviolet spectrum determined in a volume of 1.2 ml. For comparison, the spectra 
of 0.1 ymole of 8-aza-GMP (unhydrolyzed) and 8-azaguanine were similarly meas- 
ured at pH 7.4 in a volume of 1.2 ml. 


to those reported by Friedkin (33) for the riboside, 8-azaguanosine. In 
Fig. 2 are the spectra of 8-azaguanine and a sample of 8-aza-GMP before 
and after acid hydrolysis. This treatment causes the spectrum of the 
nucleotide to shift to one which resembles that of the base, 8-azaguanine. 

Measurement of 8-aza-GMP Formation—The marked spectral difference 
at 260 my between 8-azaguanine and its nucleotide (Fig. 2) has been made 
the basis of a method for determining the formation of 8-aza-GMP. Under 
the conditions employed (Fig. 3), 0.1 umole of 8-azaguanine, being con- 
verted to the mononucleotide, causes an increase in ODeg¢o of 0.610. This 
reaction has been used successfully in the measurement of PRPP concen- 
trations as well as in the determination of the activity of 8-aza-GMP 
pyrophosphorylase (Fig. 3). It should be mentioned that the enzyme 
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guanase similarly causes an increase in optical density at 260 my as 8. 
azaguanine is converted to 8-azaxanthine. Its presence may be noted by 
increases in ODeego which occur in the absence of PRPP. The above 
method has also been employed in the measurement of nucleotide for- 
mation from guanine and guanine pyrazolo(3 ,4-d)pyrimidine (Fig. 5). 

It was occasionally noted that during nucleotide synthesis the reaction 
mixtures became progressively turbid. This was apparently the result of 
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3 Fia. 4 

Fic. 3. Assay of 8-aza-GMP pyrophosphorylase activity. Optical density meas- 
urements were made at 260 my in Beckman DU spectrophotometer with photomulti- 
plier attachment. Reaction mixtures consisted of the following: 8-azaguanine, 1 X 
m; PRPP, 2 X 10-4 m; Mg**, 0.01 m; Tris-HCl buffer, pH 7.0, 0.1 Mm; inorganic 
pyrophosphatase, 0.05 ml., and enzyme in the amount indicated in mg. on graphs in 
a final volume of 1 ml. The enzyme preparation used was dialyzed and lyophilized 
extract of acetone powder of hog liver. Temperature 30°. 

Fic. 4. Isolation of mononucleotide of guanine pyrazolo(3,4-d)pyrimidine by 
gradient elution from Dowex 1-formate column. The chart represents a copy of a 
tracing from an Esterline-Angus recorder. The eluate from the column passed 
through ultraviolet absorption meter (Gilson Medical Electronics) before collection 
in consecutive 12 ml. fractions. Esterline-Angus (EK.A.) units represent arbitrary 
galvanometer readings which depend upon the initial setting of the instrument. 


the formation of an insoluble salt of pyrophosphate, since the inclusion of 
small amounts of inorganic pyrophosphatase in the reaction mixture usually 
abolished the effect. 

Nucleotide Synthesis with Purine Analogues Other Than 8-Azaguanine— 
Since 8-azaguanine was found to react readily with PRPP, it was of im- 
mediate interest to learn whether other purine analogues could be similarly 
converted to their 5’-phosphate mononucleotides. This was first studied 
by incubating 1.2 umoles of the particular analogue, 1.0 umole of PRPP, and 
5.0 umoles of Mg** with various relatively crude purine nucleotide pyro- 
phosphorylase preparations in 0.1 mM Tris buffer, pH 8.0, at 37° for 2 hours. 
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The reaction mixtures were deproteinized by heat, were centrifuged, and 
the supernatant fluids submitted to paper chromatography. For compari- 
son, an aliquot of the reaction mixture inactivated immediately after addi- 
tion of the enzyme was similarly chromatographed. The synthesis of 
mononucleotides was detected by the appearance of new ultraviolet- 
absorbing or fluorescent spots with low Ry values (0.2 to 0.35). The 
nucleotide spots were eluted from the paper and examined spectrophoto- 
metrically. When apparent nucleotide formation was observed, the ex- 
periment was repeated on a larger scale with 30 umoles of the analogue and 
approximately 20 umoles of PRPP. After incubation for 30 to 90 minutes, 
the heat-inactivated reaction mixture was added to a Dowex 1-formate 
column and eluted in a fashion similar to that employed with 8-azaguanine. 
In each case the unchanged analogue was removed from the column during 
the water wash or immediately after beginning gradient elution with 0.15 
M ammonium formate, pH 5.0. When the acid concentration in the reser- 
voir flask was increased to 1.5 M ammonium formate, pH 5.0, second peaks 
were eluted which contained the mononucleotides. An example of the 
elution pattern observed with one of these analogues and its nucleotide is 
shown in Fig. 4. The nucleotides were concentrated by adsorption and 
elution with Darco S-51 and were dried in vacuo. Table I shows the results 
of these studies and some of the properties of the isolated nucleotides. It 
is noteworthy that marked differences in substrate specificity were ob- 
served, depending upon the enzyme preparation used (Table I). Ex- 
haustively dialyzed hog liver acetone powder extracts formed nucleotides 
from guanine and hypoxanthine analogues, while being inactive with ade- 
nine pyrazolo(3 ,4-d)pyrimidine, 6-mercaptopurine,’ and 2 ,6-diaminopurine. 
However, the hog liver, beef liver, and yeast preparations submitted to 
brief dialysis reacted with all of the analogues listed. In agreement with 
the findings of others (20, 37), this is evidence for the existence of at least 
two different purine nucleotide pyrophosphorylases, one of which is more 
labile, and the other of which appears to require a hydroxyl group on car- 
bon 6 of the purine ring. However, purification studies will be needed to 
establish whether the latter is a single enzyme. 

pH Optima and Inhibition Studies—Although information on such factors 
as the Michaelis constants with different substrates, the reversibility of 
8-aza-GMP pyrophosphorylase, etc., is of obvious importance, it was not 
felt advisable to undertake these studies until a more purified enzyme is 


? Since the submission of this publication, Flaks, Erwin, and Buchanan (52) have 
reported the partial purification of the AMP-phosphorylase from beef liver and find 
that 6-mereaptopurine will not serve as a substrate. In our laboratory three sepa- 
rate attempts failed to synthesize the 5’-mononucleotide of 6-mercaptopurine by 
using a hog liver preparation (exhaustively dialyzed) which was active for guanine 
and 8-azaguanine but not for adenine. 
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TABLE I 
Properties of Nucleotides of Purine Analogues 
Substance maximum a 
my 
8-Azaguanine (1) Base 247, 275 | 0.76 | H, B, Y 
(2) Nucleotide 257 0.28 
Guanine pyrazolo(3,4-d)pyrimi- (1) Base 251 « 
dine (2) Nucleotide 253 0.25 
Adenine pyrazolo(3,4-d)pyrimi- (1) Base 261 0.88 | B, Y 
dine (2) Nucleotide 261 0.31 
Hypoxanthine pyrazolo(3,4-d)- (1) Base 252 0.85 | H, B, Y 
pyrimidine (2) Nucleotide 252 0.29 
2,6-Diaminopurine (1) Base 242, 281 | 0.65 | B, Y 
(2) Nucleotide 252 0.31 
6-Mercaptopurine (1) Base 320 ai * 
(2) Nucleotide 320 0.33 


pH 7.3, 7:3, Whatman No. 1 filter paper. 

t H = hog liver acetone powder extract dialyzed 24 hours against three changes 
of 40 volumes of 0.001 m Tris-HCl, pH 8.0; B = beef liver acetone powder extract 
dialyzed 6 hours against 40 volumes of 0.001 m Tris-HCl, pH 8.0; Y = autolysate of 
brewers’ yeast dialyzed 6 hours against 40 volumes of 0.001 mM Tris-HCl, pH 8.0. 
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Fic. 5. pH optima for nucleotide formation from 8-azaguanine, guanine, and 
guanine pyrazolo(3,4-d)pyrimidine. Reactions measured as in Fig. 3; guanine or 
analogue concentration, 1 X 10-‘m. Buffers used at 0.1 M concentrations were 4s 
follows: pH 5.7 to 6.3, succinate; pH 6.6 to 9.4, Tris-HCl; pH 9.8, bicarbonate. pH 
values were determined immediately after assay procedures. 


available. However, some evidence of interest on the pH optima and 
effects of inhibitors on the crude enzyme has been obtained. Fig. 5 shows 
the pH optima for nucleotide formation with hog liver acetone powder 
extract with 8-azaguanine, guanine, and guanine pyrazolo(3 ,4-d)pyrim- 
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dine as substrates. Marked differences in pH optima and rates of reaction 
were observed, with guanine pyrazolo(3 ,4-d)pyrimidine reacting somewhat 
more rapidly (at its pH optimum) than does the normal purine guanine. 

8-uza-GMP formation was profoundly inhibited by very low concentra- 
tions of ADP and ATP (Table II). The inhibitory effects of these ma- 
terials were not overcome by increasing the concentrations of PRPP or 
Mg*+. In the concentrations tested, ribose 5-phosphate was without 
effect, while inorganic orthophosphate causes marked inhibition. These 
interesting observations should be examined more fully with an enzyme of 
higher purity. 


TaBLe II 
Inhibition of 8-aza-GMP Formation by Orthophosphate, ATP, and ADP 


_ 


Compound Concentration | Inhibition 
per cent 
ATP 5 47 
1X 10- 57 
1.5 X 7 
2X 85 
5 X 10- 100 
Orthophosphate 2X 10° 17 
1X 81 
Ribose 5-phosphate 5 xX 10-3 0 


— 


8-aza-GMP pyrophosphorylase activities determined as in Fig. 3. Orthophos- 
phate added as potassium phosphate buffer, pH 7.0. 


DISCUSSION 


PRPP has been shown to react enzymatically with natural purines (20, 
21), pyrimidines (19), and pyridines (38) as well as with precursors in- 
volved in the de novo synthesis of purines (39, 40). In the present study it 
is shown that this sugar phosphate will also react with analogues of natural 
purines, including those with non-purine ring structures; 7.¢., the triazolo- 
pyrimidines and pyrazolo(3 ,4-d)pyrimidines. It would be of interest to 
examine the activity of purine analogues with other ring types such as the 
2-azapurines (41), the 1-deazapurines (42), the pyrazolo(4,3-d)pyrimidines 
(43), and the benzimidazoles (44). 

The fact that certain carcinostatic analogues react readily with purine 
nucleotide pyrophosphorylases raises the possibility that they may exert 
their antitumor action by competing with natural substrates for these 
enzymes. While this hypothesis warrants further investigation, it is also 
true that non-carcinostatic analogues such as hypoxanthine pyrazolo- 
(3,4-d)pyrimidine also may serve as substrates (45). 
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Several considerations suggest that these analogue-containing mono- 
nucleotides be tested for their chemotherapeutic effectiveness. There is 
a distinct possibility that these compounds may be dealt with by living 
tissues in ways differing from those of either the free bases or the ribosides, 
with the result of increased therapeutic activity. Roll et al. (46), for 
example, have shown that guanine is incorporated into nucleic acids much 
more readily if administered as the nucleotide rather than as the nucleo- 
side or purine base. Also, in the form of the nucleotide, an analogue may 
be less susceptible to attack by degradative enzymes. 8-Azaguanine, when 
administered parenterally, is rapidly converted to the non-carcinostatie 
compound, 8-azaxanthine, presumably by the action of guanase (47-49). 
The nucleotide 8-aza-GMP will not serve as a substrate for this enzyme 
and, therefore, should be less readily detoxified. Of course this may result 
in an analogue which is more toxic as well as more effective. A serious 
problem encountered in the testing of many purine analogues has been their 
slight solubility in water. Some are so poorly soluble as to preclude paren- 
teral administration of adequate amounts for therapeutic trial. In general, 
mononucleotides are significantly more soluble than the bases and may pro- 
vide an answer to this difficulty. The enzymatic procedures described in 
this report should lend themselves to the preparation of analogue-contain- 
ing nucleotides in amounts adequate for preliminary chemotherapeutic 
tests. The principal difficulty encountered has been in the preparation and 
isolation of the extremely labile intermediate PRPP. 

An explanation is now available for the low yields obtained when nucleo- 
tide synthesis was attempted in a reaction combining PRPP synthesis with 
nucleotide formation. Inorganic orthophosphate and ATP are both re- 
quired for the PRPP synthesizing step, while in turn acting as inhibitors of 
the 8-aza-GMP-forming reaction (Table I1). The powerful inhibition 
shown by ATP and ADP suggests the existence of a metabolic mechanism 
which resembles a “negative feed-back.” Thus, if adequate concentra- 
tions of nucleotides are present, they would suppress the formation of new 
nucleotide from preformed purines. On the other hand, if free nucleotide 
concentrations fall, their synthesis would be promoted. Similar findings 
have been reported by other laboratories. Saffran and Scarano (32) found 
that the addition of ATP alone to undialyzed pigeon liver preparations 
caused a decrease in the rate of conversion of adenine to its nucleotide. A 
marked inhibition of orotic acid incorporation into RNA has been observed 
with increased ATP concentrations (50), and Yates and Pardee (51) found 
that ureidosuccinic acid formation is suppressed by cytidylic acid. These 
observations may have uncovered an important and widely occurring 
mechanism for the control of nucleotide and nucleic acid formation. 

Since nucleotides of some purine analogues can now be prepared in good 


vl 
al 
et 
p 
tf 
p 
th 
hy 
| 
f 
] 
1: 
| 
li 
I! 
lf 


J. L. WAY AND R. E. PARKS, JR. 479 


yield, work has been initiated on the synthesis and enzymatic testing of 
analogue-containing coenzymes, e.g. analogues of ATP, GTP, UTP, DPN, 
ete. 


SUMMARY 


|. 8-Azaguanine has been shown to interact with 5-phosphoribosyl-1- 
pyrophosphate and a hog liver extract to form 8-azaguanosine-5’-phosphate 
(8-aza-GMP). 

2. A method for measuring the enzymatic activity of 8-azaguanine nu- 
cleotide pyrophosphorylase has been described. 

3. The preparation, purification, isolation in good yield, and the charae- 
terization of 8-aza-GMP are reported. 

4. Orthophosphate and low concentrations of adenosine di- or triphos- 
phate were found to inhibit 8-aza-GMP formation. 

5. 2,6-Diaminopurine, 6-mercaptopurine, and the adenine, hypoxan- 
thine, and guanine analogues of the pyrazolo(3 ,4-d)pyrimidine series have 
heen similarly converted to their respective 5’-nucleotides. 
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ACTIVATION OF METHIONINE FOR TRANSMETHYLATION * 


Il. THE METHIONINE-ACTIVATING ENZYME OF BAKERS’ YEAST 


By 8. HARVEY MUDD anp G. L. CANTONI 


(From the Laboratory of Cellular Pharmacology, National Institute of Mental Health, 
United States Department of Health, Education, and Welfare, 
Public Health Service, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, October 3, 1957) 


Enzymatic activation of methionine has been clearly established as a 
prerequisite for the transfer of the methyl group of this compound to a 
variety of methyl acceptors (1). The reaction involves an ATP'!-dependent 
conversion of methionine to AMe. Enzyme systems capable of catalyzing 
this activation have been found in the tissues of many mammalian species 
(2, 3) and in extracts of Escherichia coli (4, 5). A more general role for 
the product, AMe, has been revealed recently with the report that, after 
decarboxylation, it can function also as a donor of its aliphatic side chain 
to putrescine in the biosynthesis of spermidine (5). 

AMe is not found in appreciable amounts in liver extracts; in yeast, 
however, a nucleoside closely related to AMe accumulates in large quanti- 
ties under certain nutritional conditions (6). This nucleoside, thiomethyl- 
adenosine, was isolated from yeast as long ago as 1912 (7), but only recently 
Schlenk and his coworkers established that it is formed as a chemical 
breakdown product of AMe during extraction of the yeast (8). An addi- 
tional possibility is that some thiomethyladenosine may arise enzymatically 
in yeast, as it presumably does in F. coli, as the moiety remaining after the 
transfer of the aliphatic side chain of AMe to a suitable acceptor. In 
either case, however, these facts indicated that yeast contains the enzy- 
matic capacity for the synthesis of AMe. The present paper describes 
the isolation and some of the properties of the yeast MAE which were 
studied in the hope of further elucidating the intimate mechanism of the 
activation process. Furthermore, a comparison of the yeast enzyme with 
the analogous enzyme from mammalian liver seemed of interest from the 
viewpoint of comparative biochemistry. 


* Tenth paper in a series on enzymatic mechanisms in transmethylation. 

' The following abbreviations are used: ATP, adenosine triphosphate; the phos- 
phate moiety closest to the adenosine is designated a, the middle phosphate, 8, and 
the most distal, »; AMe, S-adenosylmethionine; PP, pyrophosphate; IP, inorganic 
phosphate; MAE, methionine-activating enzyme; GSH, reduced glutathione; ADP, 
adenosine diphosphate; AMP, adenosine 5’-phosphate; Tris, tris(hydroxymethyl)- 
aminomethane; ASR, S-adenosylhomocysteine. 
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EXPERIMENTAL 


Preparation of Enzyme—Two procedures (A and B) have been developed, 

Procedure A. Step 1; Drying—F¥resh Fleischmann’s bakers’ yeast was 
passed through a screen (openings about 2 mm. X 2 mm.) and spread 
between two sheets of heavy paper in a layer about 10 mm. thick. It was 
allowed to dry at room temperature for 6 days and then stored at —15°, 

Step 2; Extraction and Acetone Fractionation—600 gm. of dried yeast were 
suspended in 1800 ml. of a 0.067 m solution of K,HPO, containing 3.6 gm. 
of pL-methionine and very gently stirred at 32° for 4 hours. The residue 
was removed by centrifugation (0°, 2500 & g, 20 minutes). The extracts 
thus obtained were immediately carried through the next procedure since 
the enzyme was not uniformly stable at this stage. Time and tempera- 
ture of incubation are relatively critical, longer incubation leading to lower 
yields. 

To 805 ml. of the cloudy supernatant fluid, 254 ml. of acetone were 
added dropwise to reach a final concentration of 24 per cent, when cal- 
culated on the basis of additive volumes. During the addition, which 
took about 45 minutes, the extract was stirred in an alcohol-dry ice bath 
and the temperature lowered to —8° as rapidly as possible without freezing 
the solution, and thereafter maintained at that temperature. After 
completing the addition, the mixture was allowed to stand 15 minutes, 
the residue was removed by centrifugation (—8°, 2500 * g, 10 minutes), 
and discarded. The clear yellow supernatant fluid was brought to 45 
per cent acetone by dropwise addition of 405 ml. of acetone over 45 minutes, 
allowed to stand for 15 minutes, and the precipitate collected by centrifu- 
gation (—8°, 800 X g, 10 minutes). The precipitate was suspended in 
130 ml. of potassium phosphate buffer, 0.02 mM, pH 6.6, and dialyzed over- 
night at 3° in a rocking dialyzer against 10 volumes of the same buffer. 
The dialyzed enzyme preparation was clarified by centrifugation (3°, 
18,000 X g, 5 minutes), the small residue discarded, and the supernatant 


fluid (Acetone I, Table I) (213 ml.) stored at —15°. At this stage the. 


enzyme is stable upon storage at —15° for many months. This step was 
quite reproducible as to the specific activity of the product. The total 
vield in units varied between about 400 and 1400 in different batches of 
yeast. Usually several batches were prepared as above and combined 
for the next step. 

Step 3; Calcium Phosphate Gel Adsorption and Elution—All operations 
were carried out at 0-3° during this and subsequent steps. A 400 ml. 
aliquot of the combined Acetone I fractions was diluted with an equal 
volume of cold glass-distilled water, and slowly brought to pH 5.4 to 5.2 
by addition of 30 ml. of 0.25 N acetic acid. The suspension was kept at 
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0° for 10 minutes and, after removal of the precipitate by centrifugation 
(800 X g, 10 minutes), the clear supernatant fluid was treated with 415 
ml. of calcium phosphate gel \20.5 mg. per ml.). After stirring gently for 10 
minutes, the gel was collected by centrifugation (800 xX g, 10 minutes), 
washed in 620 ml. of sodium acetate (0.03 x, pH 5.5), collected again by 
centrifugation, and eluted by stirring with 135 ml. of potassium phosphate, 
0.04 m, pH 6.6, for 60 minutes. The gel was removed by centrifugation 
(18,000 X g, 3 minutes) and the elution repeated with 65 ml. of buffer. 
Usually the first eluate (Gel Eluate I, Table I) contained the bulk of the 
enzyme, Which was stable for months upon storage at — 15°. 


TaBLe 
Purification of Yeast Methionine-Activaling Enzyme 


Total units Units per mg. of protein 


Procedure Enzyme preparation | 
A |  Extraet | 1330 0.03 
| Acetone I | 1330 0.075 

Gel eluate I | S10 0.92 
Bentonite supernatant | 570 
Ammonium sulfate A | 310 7.8 

B Gel eluate I | S850 0.64 
Acetone B 407 2.3 
Ammonium sulfate B | 186 6.5 


*Not actually measured on this preparation. The range in all other prepara- 
tions was 1.5 to 3.0. 


Step 4; Negative Bentonite Adsorption—Bentonite (30 mg. per ml. of 
enzyme) was suspended as evenly as possible in the enzyme solution. 
The suspension was stirred in an ice bath for about 20 minutes and the 
bentonite removed by centrifugation (11,000 * g, 6 minutes). Without 
delay, an additional 30 mg. of bentonite were added to each ml. of the 
supernatant fluid, and after 20 minutes the bentonite was removed as 
before. Sometimes a second centrifugation was required at this stage 
to achieve complete removal of the lighter particles. At this stage the 
enzyme shows variable stability and therefore was usually carried on 
quickly to the next step. To each 100 ml. of very faintly cloudy solution 
(Bentonite Supernatant Fluid, Table I) were added 58 gm. of solid am- 
monium sulfate recrystallized in the presence of ethylenediaminetetra- 
acetate. The pH was kept at 6 to 6.5 by addition of 0.1 N KOH as needed. 
The precipitated enzyme was collected by centrifugation (8000 XK g, 10 
minutes), resuspended in a small volume of Tris buffer, 0.02 mM, pH 7.6, 
and dialyzed overnight against the buffer. At this stage, the enzyme has 
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been stored only at —60°, at which temperature one preparation lost little 
activity during 2 months. The effect of storage at —15° is not known, 

Procedure B—Steps 1 through 3 of Procedure A were followed. 

Step 4; Acetone Fractionation—Gel Eluate I was fractionated with 
acetone at —8° as in Step 2. The 38 per cent-precipitable fraction was 
discarded and the 38 to 55 per cent fraction was collected by centrifugation 
at —8°, suspended in 0.02 m potassium phosphate buffer, pH 6.6, contain- 
ing 0.2 m KCl (with use of a volume of buffer equal to about one-eighth 
the original volume of Eluate I), and dialyzed against the same buffer 
for 2.5 hours (25 volumes, changed once). 

Step 5—The dialyzed enzyme (Acetone B, Table I) was diluted with 1.6 
volumes of potassium phosphate-KCl buffer and solid ammonium sulfate 
(39 gm. per 100 ml.) was added with stirring at 0°. The precipitate was 
removed by centrifugation and discarded. The enzyme was precipitated 
by adding further ammonium sulfate (6 gm. per 100 ml. of original solu- 
tion), collected by centrifugation, and resuspended in a small volume of 
potassium phosphate-KCl buffer (Ammonium Sulfate B, Table I). 

Stability of Enzyme—The enzyme in phosphate buffer, pH 6.5, 0.02 m, 
was immersed in a water bath for 13 minutes at 41°, 45°, 50°, and 55°. 
After removal of the coagulated protein by centrifugation, assay of the 
enzyme activity showed, respectively, 79, 56, 34, and 7 per cent of the 
initial values. Various components of the reaction mixture were examined 
to determine whether they would protect the enzyme against the heat 
inactivation. It was found that, while L-methionine, ATP, and Mg** 
were without effect, GSH produced significant protection. For example, 
enzyme heated with and without GSH retained 56 and 7 per cent of the 
initial activity, respectively. 

pH Optimum and PP Inhibition—The enzyme shows a broad pH opti- 
mum near pH 7.6. pH levels above 8 were not tested because of lack of 
stability of AMe. The enzyme is inhibited by PP and, as reported pre- 
viously for the rabbit liver enzyme (9), the degree of inhibition increases 
as the pH is lowered. 

Recombination Experiments—Because of the complexity of the reaction 
catalyzed by MAE, it was considered not unlikely that what is referred 
to as the MAE may represent in fact a mixture of two or more proteins, 
each catalyzing separate steps in the over-all activation process. For 
this reason efforts were made throughout the purification procedure to 
separate the enzyme into two or more fractions which, when recombined, 
would show a synergistic effect. Thus, after each fractionation procedure 
listed above and in others not listed, the various fractions, active and in- 
active, were recombined to test for such an effect. In addition, purified 
and crude yeast fractions were crossed with various liver fractions from 
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the purification of the rabbit liver enzyme (9). Moreover, since heat 
inactivation often offers a relatively selective means of eliminating one 
enzyme and since GSH offered a means of modifying this effect, reeombina- 
tion attempts were made by using unheated enzyme and enzyme heated 
in the presence and absence of GSH. The results of these experiments 
were uniformly negative. No significant synergistic effect was found. 

Reaction Products and Stoichiometry—AMe was identified as a product 
by (a) its absorption spectrum, () its failure to adsorb on Dowex 1 at 
pH 7, (c) its precipitability as a reineckate salt, and (d) its electrophoretic 
mobility, which was identical with that of authentic AMe. 

PP was identified as a product by the fact that it was hydrolyzed to IP 
by crystalline pyrophosphatase or by acid (10 minutes, 100°, 1 N HCl) 
and by its chromatographic behavior on Dowex 1 Cl. 

The stoichiometry of the reaction catalyzed by the crude preparations 
of MAE from yeast (or rabbit liver) is as described by Equations 1 and 2, 
which show release of 3 moles of IP for each 1 of AMe formed: 


(1) AR—P—P*—P* + t-methionine ae AMe + PP* + IP* 
Mg*+ 
> I « 
(2) PP PP P + IP 
Mg** 
(1+2) AR—P—P*—P* + L-methionine ~— AMe + IP + 2IP* 


However, after the bentonite treatment, which removes most of the in- 
organic pyrophosphatase, it is possible to demonstrate that a molar ratio 
approaching 1:1:1 for IP, PP, and AMe obtains if no pyrophosphatase 
is added to the reaction mixture. In the presence of pyrophosphatase the 
ratio IP to AMe again becomes 3:1. The same stoichiometry was found 
in the case of all the substrates discussed below which were active in re- 
placing methionine. 

Origin of IP and PP—Equations 1 and 2, which are based on studies 
of the mechanism of this reaction performed with the MAE from rabbit 
liver (9), indicate that IP is derived from the terminal, or y-phosphate 
in ATP, with the PP moiety originating from the a- and 8-phosphates. 
It was of interest to verify these results with the yeast enzyme. To 
accomplish this the reaction was carried out in the presence of 8 ,y-labeled 
ATP. 

At the conclusion of the incubation the mixture was deproteinized and 
the specific activities of the ATP, PP, and IP were determined as described 
previously (9). 
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The experimental results are given in Table II, Column a. It is possible 
to calculate theoretical values for the specific activities on the alternative 
assumptions that either the y-phosphate of ATP gives rise to IP and the 
a- and B-phosphates to PP (Column b, Table II) or that the a-phosphate 
gives rise to IP and the 6- and y-phosphates give rise to PP (Column ¢, 
Table II). (In each case theoretical values were corrected for control 


values and for hydrolysis of PP and IP, and, as can be seen, the correc. — 


tions are relatively small.) It is clear from the results that the experi- 


TaBLe II 
Origin of IP and PP As Studied by Means of ARP-P®-P® 


Each vessel contained, in micromoles: 8,y-labeled ATP, 15; L-methionine, 22; 
GSH, 8; Tris, pH 7.6, 150; MgCl., 300; KCI, 300; and 3.2 units of enzyme concen- 
trated by precipitation of a bentonite supernatant fraction with acetone. Final 
volume, 1.15 ml. Incubation 30 minutes at 37°. Corrected values were calculated 
from the increases of IP and PP in the enzymatic compared to the control charcoal 
supernatant fraction, and from the assumption that in the complete absence of 
pyrophosphatase an equivalent number of moles of PP and IP would appear. The 
breakdown of PP by residual pyrophosphatase on this basis was 16 per cent of the 
total PP. 


Specific activity 
Conpeend Predicted for AR-$-P-P*-3-P* | Predicted for AR-3-P-3-P*-P* 
(b) (c) 
(a) Corrected Uncorrected Corrected Uncorrected 
2360* 
1970T 1900 2360 550 0 
1170* 1160 1180 2330 2360 


* Counts per minute per micromole of labile phosphate. 
t Counts per minute per micromole. 


mental values agree very well with those calculated on the first assumption, 
namely that the y-phosphate of ATP gives rise to IP and the a- and 6- 
phosphates to PP. 

Substrate Specificity and Cation Requirements; ATP—The activity of 
the enzyme is proportional to the concentration of the substrates: the 
concentration of ATP at which one-half the maximal rate obtains 1s 
2.6 X 10-*m. The enzyme seems quite specific for ATP since a number 
of other nucleoside triphosphates were essentially inactive as substrates. 
Among the compounds investigated were 2-deoxy ATP, guanosine tr- 
phosphate, and inosine triphosphate. ADP, which is active with cruder 
enzyme preparations, is inactive after the bentonite steps which remove 
most of the adenylic kinase. In some cases, more than two bentonite 


rw 
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treatments were necessary to remove the last trace of ADP activity. 
Both AMP and adenosine tetraphosphate are inactive. 

Magnesium—The enzyme has an absolute requirement for a divalent 
cation. One-half the maximal velocity is attained at a Mg** concentra- 
tion of approximately 5.9 XK 10-* mM, but the rate continues to rise even 
at levels above 107! Mo. 

Several divalent cations were tested for effectiveness in promoting 
enzymatic activity in the absence of Mg**. All were added as chlorides. 


he T | T T T T 
a 

Lil a >) 
© 
80 
= 60 
uJ @ C 
> 40 Li 


0 100 200 300 400 500 600 
CATION ADDED, nMOLES 


Fic. 1. Effect of monovalent cations on AMe formation. Each vessel contained, 
in micromoles, the following: disodium ATP, neutralized with Tris, 25; L-methionine, 
22; MgCl., 300; GSH freshly dissolved and neutralized with Tris, 8; Tris, pH 7.6, 
150; excess inorganic pyrophosphatase; cations, added as chloride salts, as noted. 
The final volume was 1 ml. incubated for 64 minutes at 37°. The values for K* at 
200, 300, and 500 umoles in Experiments 136, 156, 137, respectively, were set equal to 
100 per cent. The observed values in these vessels were 2.47, 1.63, and 2.02 umoles of 
IP. O, NH4*t; ©, K*; V, Rb*; A, Lit; O, Cs*; ©, Na*; open figures, Experiment 
137; shaded figures, Experiment 156; half shaded figures, Experiment 136. 


The concentration ranges investigated, in micromoles per ml., and the 
results are given below: Mn**, 30 to 100, almost complete activity; Zn**, 
30, partial activity; at this concentration and above, Zn** partially in- 
hibited activity when added with Mgt*, 300; Cot*, 15 to 50, partial ac- 
tivity; Nit**+, 30, partial activity; 100 to 300, no activity; Cat**, 10 to 300, 
no activity; 225 added with Mg**, 300, caused 12 per cent inhibition; 
Fe**, 10 to 15, no activity; Cd**, 3 to 300, no activity. 

Monovalent Cation—The enzyme exhibits an absolute requirement for a 
monovalent cation. The relative activities of K*+, NHy*, Rb*, Nat, Lit, 
and Cs+ are shown in Fig. 1, from which it may be seen that K* and NH,* 
and Rbt+ are most effective. The liver MAE shows a similar type of 
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dependency on monovalent cations (Table III) but is more sensitive to Nat, 
so that to demonstrate an absolute requirement the disodium salt of 
ATP had first to be purified by passage over Dowex 50 H* and used as 
the Tris salt. We have not ruled out the possibility that the Lit and Cs+ 
salts used may be contaminated with trace amounts of more active ele- 
ments. 

Methionine—A concentration-activity curve for L-methionine indicates 
that the K,, is approximately 2.6 XK 10-* m. A value of 2.2 KX 10° my 
was found for the rabbit enzyme. Ethionine, 22 wmoles per ml. and 
2-hydroxy-4-thiomethyl-n-butyric acid 50 wmoles per ml., gave respectively 
31 and 17 per cent of the rate of reaction with L-methionine, 22 umoles per 


TABLE III 
Dependence of Liver MAE on Univalent Cations 
Data from two experiments were pooled and the activities expressed as percentage 
of the activity with K* equal to 600 wmoles per ml. The monovalent cations were 
added as chlorides. The conditions were as described under Fig. 1, except that the 
ATP was added solely as the Tris salt. 


Relative activity 
Cation supplement 
100 wmoles per ml. 400 wzmoles per ml. 
87 85 
13 34 


ml. S-Methyl-L-cysteine 22 umoles per ml., pL-methionine sulfoximine 52 
umoles per ml., N-acetyl-pL-methionine 45 wmoles per ml., and methionine 
sulfoxide 52 umoles per ml. were inactive in replacing L-methionine, and 
furthermore did not inhibit the reaction with L-methionine. 

Whereas the liver enzyme is completely inactive with homocysteine 
as a substrate, when pL-homocysteine (45 umoles per ml.) was used in lieu 
of methionine with the yeast enzyme the formation of IP from ATP 
proceeded at about 2 per cent the rate induced by addition of L-methionine 
(22 umoles per ml.). This reaction was accompanied by synthesis of the 
expected stoichiometric amount of an adenosyl compound. This product 
was identified as ASR by hydrolysis with adenosine-homocysteine con- 
densing enzyme to homocysteine and adenosine (10), and determination 
of the adenosine with adenosine deaminase (11). A control of authentic 
AMe under these conditions gave rise to no adenosine. 


— 
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ASR is synthesized here by MAE by a reaction analogous to methionine 
activation and not by the hydrolysis of ATP to adenosine and condensa- 
tion of the adenosine with homocysteine, a reaction which has recently 
been demonstrated to occur in rat liver (10). This conclusion is supported 
by the following considerations: (a) The reaction was greatly stimulated 
by K+. (6) There was no hydrolysis of ATP in the absence of homo- 
cysteine. In the presence of homocysteine, the expected stoichiometry 
of 3 IP to 1 ASR was found. (c) AMP would not substitute for ATP. 

Fluoride Effect—Potassium fluoride at concentrations up to 0.01 m 
has no inhibitory effect. This allows for inhibition of the residual pyro- 
phosphatase. 

Exchanges—No exchange of IP into ATP, PP into ATP, or methionine 
into AMe is catalyzed by the purified enzyme, with or without methionine 
present. 


DISCUSSION 


The results presented above are of interest from the point of view of 
comparative enzymology and in regard to the mechanism of action of MAF. 

There are numerous examples which indicate that proteins which per- 
form the same catalytic role differ with respect to cofactor requirement 
and other characteristics. Comparison of the liver and yeast enzyme 
reveals both similarities and differences. Both enzymes require an un- 
usually high concentration of Mg** for optimal activity. In addition, 
both proteins require a monovalent cation and the activity pattern is 
similar: NH,*+, K+, and Rb* are almost equally effective, while Lit, Cs*, 
Nat, and Tris are much less active or completely ineffective. Many 
enzymes which require a monovalent cation behave in a similar way, 
although differences exist in the detailed order of activities (12-20). 

Some differences between the two enzymes may also be pointed out. 
Most striking is the fact that the liver enzyme has previously been shown 
to be markedly sensitive to fluoride ions (for example, 28 per cent inhibition 
at 8 X 10-4 o fluoride), while it is here shown that the yeast enzyme shows 
no inhibition at concentrations up to 0.01 m. The liver enzyme is also 
more sensitive to inhibition by the product PP, although this effect is 
dificult to measure quantitatively because of the effect of change in pH 
upon the inhibition and the fact that different preparations of enzyme at 
the same stage of purification differ widely in sensitivity to PP (regardless 
of the amount of pyrophosphatase present). 

While the liver enzyme shows a specific requirement for Mg**, the yeast 
enzyme responds when Mn?** or, less well, when other divalent cations 
replace 

Modifications of the structure of methionine modify the effectiveness 
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of the resulting compound as a substrate for the yeast enzyme. The 
results may be summarized as follows: (a) The methyl radical may be 
replaced with ethyl (ethionine) with moderate loss of activity. Re- 
placement by a hydrogen atom (homocysteine) sharply lowers activity, 
but activity still is clearly present. The effect of substitution by higher 
alkyl groups has not been tested. (6) The sulfur atom cannot be in the 
sulfoxide or sulfoximine form but may be replaced by selenium without 
loss of activity (21). (c) The aliphatic side chain cannot be shortened 
(S-methylcysteine) or N-acetylated. However, replacement of the 
—NHg,: group by —OH carbon results in only partial loss of activity. 
Yeast MAE has been purified about 250-fold above the initial extract 
by one method and 200-fold by another partially different method. (Liver 
MAE has been purified about 80-fold.) Because selective extraction 
methods were used, the figures represent minimal degrees of purifications, 
The fact that extensive purification procedures, both with the yeast and 
liver enzyme, resulted in relatively good yields but that no fractionation 
of the activity into separate protein fractions could be found, increases 
the probability that in reality MAE is a single protein. The lack of any 
partial reaction (sought for as an exchange, or as a change in stoichiometry 
under varied conditions) affords further support to this conclusion which 
remains, however, unproved, pending absolute purification of MAF. 


Materials and Methods 


S-Methyleysteine was a gift of Dr. E. Wolff and Dr. S. Black. Crys- 
talline ATP was purchased from the Sigma Chemical Company. 2-Deoxy 
ATP was kindly furnished by Dr. Arthur Kornberg. Bentonite, lot No. 
761519, was obtained from the Fisher Scientific Company. Adenosine- 
homocysteine condensing enzyme and thetin methylpherase were _pre- 
pared in this laboratory by Dr. de la Haba and Dr. Durell. Yeast in- 
organic pyrophosphatase was prepared through Step 2 by the method of 
Heppel and Hilmoe (22). Adenosine deaminase was obtained from 
Armour and Company as an intestinal phosphatase preparation. 

ATP labeled with P* in the 8 and y positions was prepared from radio- 
active PP, which was synthesized by heating P*-sodium phosphate at 
pH 5.5 to 6.0 at 210° for 18 hours. The PP was freed from IP and higher 
condensed phosphates by chromatography on Dowex 1 Cl. The labeled 
PP was incubated with ATP, Mg**, tryptophan, and tryptophan-activat- 
ing enzyme purified through the ammonium sulfate step according to 
Davie et al. (23). At the end of the incubation the PP was hydrolyzed by 
further incubation with an excess of pyrophosphatase. The ATP, now 
labeled in the B- and y-phosphates, was purified by chromatography on 
Dowex 1 Cl (24) and concentrated by precipitation with ethanol. 
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The MAE activity was measured as described previously (9). 

A unit of enzyme was defined as the amount catalyzing the formation 
of 1 umole of AMe in 30 minutes under these conditions. The enzymatic 
activity Was approximately linear with concentration of enzyme and de- 
creased slightly with time. 

Pyrophosphatase activity was assayed under the above conditions with 
3 umoles of PP in lieu of ATP and with the omission of methionine. 

Protein was determined in crude extracts by the biuret method (25), 
after the first acetone step and subsequently by the method of Warburg 
and Christian (26) and, in the final stages, by the method of Sutherland 
(27). There was close agreement between the three methods. 


SUMMARY 


1. An enzyme which catalyzes the formation of S-adenosylmethionine 
(AMe) from adenosine triphosphate (ATP) and L-methionine has been 
purified about 250-fold from extracts of bakers’ yeast. The best prepara- 
tion catalyzes the formation of about 40 moles of AMe per 150,000 gm. 
of protein per minute at 37°. 

2. During the course of the reaction the terminal phosphate of ATP 
is liberated as inorganic phosphate, the two proximal phosphates as in- 
organic pyrophosphate. 

3. The enzyme has an absolute requirement for both a monovalent 
cation and divalent cation as does the analogous liver enzyme. Kf, 
NH,*, and Rb+ are about equally effective, while Nat, Lit, and Cs* are 
much less effective. Tris(hydroxymethyl)aminomethane inactive. 
The specificity of the divalent cation requirement has been studied. 

4. The substrate specificities for L-methionine and ATP have been 
studied. 

5. Numerous attempts to divide the over-all enzymatic activity into 
two or more fractions, to alter the stoichiometry of the reaction, or to 
find a partial reaction by studying exchanges and reversibility were nega- 
tive. 
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OBSERVATIONS ON THE SILICIC ACID CHROMATOGRAPHY 
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Within the past several years the application of silicic acid to the 
chromatographic fractionation of simple and complex lipides has received 
increased attention. In particular this adsorbent has been used in the 
separation of phospholipides by McKibbin (1), Lea et al. (2), and Hanahan 
et al. (3). As shown by Borgstrém (4), who used model lipide compounds, 
and Fillerup and Mead (5), who employed mainly the naturally occurring 
lipide of plasma, the various neutral lipides can also be separated on 
silicic acid by judicious choice of solvents. Lovern (6), working with the 
lipides of the haddock flesh, obtained quite sharp peaks on silicic acid 
chromatography but subsequently found that these components did not 
necessarily represent pure fractions. In a study of the lipides of human 
hair, Nicolaides and Foster (7) have reported a partial fractionation on 
silicic acid with benzene-diethyl ether mixtures. 

In a consideration of the various studies carried out on neutral lipide 
separations on silicic acid, it seemed that insufficient characterization 
data were available on the individual fractions thus obtained. Further- 
more, in view of our experience, petroleum ether as the main non-polar 
solvent was neither as effective nor as reproducible as desired. In a pre- 
liminary note from this laboratory (8), it was reported that pure n-hexane 
appeared suitable as the major non-polar solvent, and some of the char- 
acteristics of fractions obtained by silicic acid chromatography of certain 
neutral lipides were presented. The present communication provides 
further details on this study of the chemical nature of the neutral lipides 
from rat liver, beef liver, and bakers’ yeast (Saccharomyces cerevisiae). 


EXPERIMENTAL 


Material and Methods—Mallinckrodt’s silicic acid, reagent grade, 100 
mesh, suitable for chromatographic analysis, was used throughout the 


* This work was supported by grants from the American Cancer Society and the 
National Science Foundation. A part of this study was reported at the Forty-eighth 
annual meeting of the American Society of Biological Chemists at Chicago, April 
15-19 (1957). 
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study. This adsorbent was used either as obtained from a freshly opened 
bottle or preferably was dried for 12 hours at 110° before use. A com- 
mercial grade of n-hexane, obtained from Phillips Petroleum Company;! 
was redistilled over potassium permanganate to which a small amount of 
acetone had been added to dissolve the permanganate. The fraction 
distilling between 67.5-69.5° was collected and used in these experiments, 
Merck’s reagent grade anhydrous ether, thiophene-free benzene, and 
anhydrous methanol were used without further purification. 

Beef liver was obtained as soon as possible after the animal was killed 
and the lipide extraction initiated within 1 hour. Adult rats of the 
Sprague-Dawley type were killed, the liver was rapidly removed, and 
the .extraction started immediately. Bakers’ yeast (S. cerevisiae) was 
generously provided through the courtesy of Standard Brands Incorporated. 
In all three instances the extraction and isolation of the lipides were per- 
formed as described previously (3). In brief this involved an alcohol-ether 
extraction at room temperature, concentration of the extract, and _re- 
extraction with ether. Finally, a separation by acetone addition was 
made into an acetone-soluble fraction (neutral lipides) and an acetone- 
insoluble fraction (phospholipides). In most experiments, this technique 
yielded a neutral lipide fraction that contained approximately 4 per cent 
phospholipides. 

Preparation of Column—The design and operation of the columns were 
essentially the same as described before (3). 

The adsorption columns measured 35 mm. in diameter and 400 mm. in 
length, in which 60 gm. of silicic acid, when fully packed down, occupied 
a length of approximately 155 mm. Before actual preparation of the 
column, it is advisable to wash the silicic acid in succession with the fol- 
lowing solvents: diethyl ether, 15 per cent benzene in hexane, and finally 
with n-hexane. It is convenient to carry out the washing (with a total of 
150 ml. of each of the solvents) and filtration in a sintered glass Biichner 
funnel. After the final washing, a slurry of the adsorbent in hexane was 
poured into the column, which was fitted at the bottom with a tightly 
packed glass wool plug or a perforated, fritted glass disk plus a thin layer of 
glass wool, and the acid was packed under nitrogen pressure to a constant 
volume. The flow rate maintained in the elution operation was 2 to 24 ml. 
per minute, and for a 60 gm. column the volume of the eluate collected, 
by fraction collector, was 10 ml. When total weight was desired, a total 
of 50 ml. of the eluates was obtained by pooling of fractions. The loading 
factor for these runs was a maximum of 18 to 20 mg. of total solids per 
gm. of silicic acid. In general, any overloading was indicated by failure to 
separate the sterol and diglyceride. 


! Bartlesville, Oklahoma. 
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Total weights on aliquots were obtained by a vacuum drying at 100° 
for 4 hours. Neutral equivalents were determined by titration of the 


~ sample in ethanol with methanolic 0.01 N NaOH (CO,-free). Glycerol was 
assayed by a periodate oxidation procedure (9), cholesterol essentially by 
— the Sperry-Schoenheimer method (10), and phosphorus by King’s technique 


(11). Unsaturation was assayed by a micro-Wijs adsorption procedure. 
In characterization of the glycerides, the fractions were hydrolyzed under 


nitrogen for 4 hours in 0.5 N ethanolic KOH, the ethanol removed under 


nitrogen, and the hydrolysate acidified with 6 nN HCl. The free fatty 
acids were extracted with diethyl ether, washed well with water, and 
assayed for total weight, neutral equivalent, and unsaturation. The 
aqueous fraction from this extraction was used for the assay of glycerol. 
The beef liver sterol esters were hydrolyzed under nitrogen for 6 hours in 
0.5 x ethanolic KOH, while the rat liver sterols required a longer reflux of 
24 hours in 1.0 N ethanolic KOH for complete hydrolysis. The hydroly- 
sute was diluted with water to a 40 per cent ethanol concentration and 
extracted four times with fresh charges of diethyl ether. The ether frac- 
tion was washed well with water and assayed for total cholesterol. The 
water-soluble fraction was acidified, and the fatty acids were extracted and 
treated as above. 

Sugar was detected qualitatively by the Molisch test, acetals were de- 
tected by a modified Feulgen reaction (12), and amino acids were detected 
by the ninhydrin reagent. The Liebermann-Burchard qualitative tests 
for sterol were performed by dissolving the sample in 2 ml. of CHCl, and 
adding 10 drops of acetic anhydride plus 2 drops of concentrated H.SO,. 
Any test that registered negative in 2 minutes was rechecked after an 
additional 10 minute period in the dark. It was helpful to use the Lieber- 
mann-Burehard reaction as a check on the elution pattern of cholesterol 
esters and cholesterol. 


RESULTS AND DISCUSSION 


Fractionation Data—The nature of the fractionation pattern of the 
neutral lipides of rat liver, beef liver, and yeast is graphically depicted in 
Figs. 1, 2, and 3, respectively. The data on the composition of the major 
fractions are recorded in Tables I, II, and III. When the solvents indi- 
cated in Tables I, II, and III were used, 95 to 100 per cent of the lipide 
applied to a column could be recovered. The most reproducible combina- 
tion of solvents for fractionation of the neutral lipides from these sources 
and the typical fractions were hexane, hydrocarbons; 15 per cent benzene 
in hexane, sterol esters; 5 per cent diethyl ether in hexane, triglycerides 
plus any free fatty acids; 15 or 20 per cent diethyl ether in hexane, free 
sterol; 30 per cent diethyl ether in hexane, diglycerides; 50 per cent diethyl 
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ether in hexane, unidentified component; and 90 to 100 per cent diethy| 
ether in hexane, monoglycerides. If it is suspected that diglyceride may be 


240 


MG. 


TOTAL WEIGHT IN 
@ 


2 


4 4 
O- 


FRACTIONS (50 m1) 


Fig. 1. Chromatography of beef liver neutral lipides on silicie acid. Solvents 
were hexane (H), benzene (B), diethyl ether (E), and methanol (M). The compo- 
sition of the various fractions is recorded in Table I. 
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Fic. 2. Chromatography of rat liver neutral lipides on silicie acid. Solvents were 
hexane (H), benzene (B), diethyl ether (E), and methanol (M). The composition of 
the various fractions is recorded in Table II. 


present in the lipide mixture, as indicated by either fatty acid or glycerol 
test on free sterol fraction, it was found most advantageous to use 15 per 
cent diethyl ether in hexane for optimal removal of the sterol, with 30 per 
cent diethyl ether employed for removal of diglyceride. Otherwise 20 
per cent diethyl ether in hexane was the solvent of choice, as it allowed a 
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faster removal of the free sterol fraction. In Figs. 1, 2, and 3, the 3 per 


cent methanol in diethyl ether removed bile acid-like compounds, while 8 
per cent methanol in diethyl ether removed any phosphorus-containing 


lipides. The recoveries quoted in Tables I, II, and III are based on the 


total amount of lipide obtained through the 90 to 100 per cent ether elution. 

Beef Liver and Rat Liver—As illustrated by the data in Tables I and II, 
the major components of beef and rat liver neutral lipides, respectively, 
were cholesterol esters, triglycerides, and cholesterol. Of considerable 
interest, a significant amount of diglyceride was found in rat liver only, 
and a smaller but definitive amount of monoglyceride was also detected in 
both sources. Mead and Fillerup (13) have reported the occurrence and 
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Fic. 3. Chromatography of yeast neutral lipides on silicic acid. Solvents were 
hexane (H), benzene (B), diethyl ether (E), and methanol (M). The composition 
of the various fractions is recorded in Table III. 


also the separation of di- and monoglycerides in plasma by silicic chroma- 
tography. Through the use of 10 per cent ether in petroleum ether, 25 
per cent ether in petroleum ether, and 100 per cent ether, they were able 
to obtain free sterol, diglyceride, and monoglyceride, respectively. In our 
experiments it was found that 15 per cent ether in hexane separated the 
sterol, 30 per cent ether in hexane removed the diglyceride, and 90 to 100 
per cent ether in hexane would remove monoglyceride (some monoglyceride 
will be removed at a slow rate in 70 per cent ether). Although in the 
evidence presented here the sterol esters and the hydrocarbons were not 
as well separated as desired, the collection of smaller volume eluates would 
improve this fractionation. Also in order to obtain separation of the 
hydrocarbons, it was necessary to submit the hexane-benzene mixture to a 
preliminary drying with dried silicie acid. 

Another aspect of the results was the finding that the triglyceride frac- 
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tion contained a significant amount of free fatty acids (unesterified acids), 
Although Mead and Fillerup (14), in a study of the plasma lipides, have 


TAaBLeE I 


Composition of Fractions Obtained from Chromatography of 
Beef Liver Neutral Lipides on Silicic Acid 


1.18 gm. of lipide were applied to 60 gm. of silicic acid. The total recovery was 
1.20 gm. (101 per cent). 


cE 
Solvent Components* 33 Components 
mi. per cent mil. 
Hexane 150| Pigment, hydro- Trace 5 (1300 Triglyceridest 41.9 
carbons | Fatty acid, “7% 88.0 
15% ben- 500) Sterol esterst 11.2 Neutral equiv- 296 
zene in Unsaturation, 2.4 alent 
hexane mM | Unsaturation, 0.84 
Glycerol, % 0.0006 mM 
Fatty acid, % 36.0 Glycerol, % 9.4 
total esters Fatty acid/glye-| 2.91 
Neutral equiv- 308 erol, molar 
alent ratio 
Unsaturation, oa Free fatty acidst 6.8 
mM Unaccounted 6.8 
Cholesterol, % | 54.7 weight, % to- 
total ester tal fraction 
Fatty acid/- 0.96 20 1000 Free sterolt 34.8 
cholesterol, Cholesterol, % (100 
molar ratio Unsaturation, 1.03 
Unaccounted 9.3 mM 
material, % M.p., °C. 146-148 
total ester 30 600 No detectable 
material 
50 | 600 Unidentified 3.2 
100 | 600 Monoglyceride 3.1 


* All fractions gave negative reactions for phosphorus, ninhydrin-reactive ma- 
terial, and carbohydrates. At no time was any sterol detected in the triglyceride 


fraction. 
t Per cent of total lipide applied ts column; material in methanol-ether (M-E) 


fractions not included (see Fig. 1). 


indicated a separation of free fatty acids from triglycerides by use of 3 
per cent ether in petroleum ether, it was not possible under the conditions 
of our experiments to obtain comparable fractionation. However, this 
may be attributed to differences in the source of lipides and the solvents 
employed for chromatography. At present it is not known whether these 
acids arise from the degradation of neutral or phospholipides during the 


(( 
l 

| 


cids), 
have 


Was 


(98 per cent). 
§ 
hexane 
mil. per cent | ml. 
Hexane 150) Pigments, hydro- | 3.0 5 jl Triglyceridest 
carbonst = Fatty acid, % 
15% ben-| 500, Sterol estersT 6.8 Neutral equiv- 
zene in Unsaturation, |Not run alent 
hexane mM Unsaturation, 
Glycerol, % 0.0047 mM 
Fatty acid, % | 40.0 Glycerol, % 
total ester Fatty acid/glye- 
Neutral equiv- (302 erol, molar 
alent ratio 
Unsaturation, 1.06 Free fatty acidst 
mM Unaccounted ma- 
Cholesterol, % | 55.3 terial, “% 
total ester total fraction 
Fatty acid/- 0.93 15 (1000) Free sterolt 
cholesterol, Cholesterol, % 
molar ratio 30 | 600) Diglyceridet 
Unaccounted 4.7 Fatty acid, % 
material, % Neutral equiv- 
ester fraction alent 
Unsaturation, 
Glycerol, % 
Fatty acid/glye- 
erol, molar 
ratio 
Unaccounted 
weight, % 
50 | 600) Unknownt 
100 | 600) Monoglyceridest 
(?) 
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TaBLeE II 


Composition of Fractions Obtained from Chromatography of Rat 
Liver Neutral Lipides on Silicie Acid 


0.827 gm. of lipides applied to 60 gm. of silicic acid. Total recovery was 0.812 gm. 
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6.2 


0.8 
0.9 


* All fractions gave negative reactions for phosphorus, ninhydrin-reactive ma- 
terial, and carbohydrates. At no time was any sterol detected in the triglyceride 
fraction. 

t Per cent of total lipide applied to column; material in methanol-ether (M-E) 


fractions not included (see Fig. 2). 


isolation procedure or are present as normal components. 


From the ob- 


servations of Fairbairn (15), it would appear highly unlikely that unesteri- 


| 66.0 
| 83.2 
270 
0.83 
0 
9.6 
2.93 
| 
4 | 1.5 
9] 3.2 
| 16.3 
| OS8.6 
| 5.8 
| 
300 
3 | 1.2 
48 11.8 
| 2.07 
| 
| 
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fied acids would be present to any significant extent in the original tissue, 
As recommended by Borgstrém (4), these acids may be removed from the lit 


m 

Taste III rh 

Composition of Fractions Obtained from Chromatography of Yeast i) 
Neutral Lipides on Silicic Acid p 


1.12 gm. of lipides applied to 60 gm. of silicic acid. Total recovery was 1.17 gm, t] 
(104 per cent). 


Solvent, = tl 
Solvent Components* Components e 
hexane 
ml. per cent| ml. 
Hexane 150) Pigments, hydro- | 2.0 20 |1000) Free sterolft + 3.4 d 
carbonst Diglyceridet 10.3 
15% ben- | 500) Sterol esterst 1.8 Iirgosterol, % | 25 
zene in fraction ee. 
hexane Fatty acids, % | 51.4 
5% di- |1300) Triglyceridest 12.1 fraction | 
ethyl Fatty acid/glyc-| 2.97 Neutral equiv- | 253 f 
ether in erol, molar alent : 
hexane ratio Unsaturation, 0.48 
Free fatty acidst | 58.9 mM 
Neutral equiv- |264 Glycerol, % 8.9 
alent Fatty acid/glyc-| 2.09 
Unsaturation, 0.6 erol, molar | 
mM ratio 
Unaccounted 2.1 
weight, % 
50 =| 600) Unknownt 4.0 
90 | 600) Monoglyceridet 7.0 
Fatty acids, % | 75.5 
Neutral equiv- | 240 
lent 
Unsaturation, 0.85 
mM 
Glycerol, % 30.0 
Fatty acid/glyc- 0.99 
erol, molar 
ratio 


* All fractions gave negative reactions for phosphorus, ninhydrin-reactive mate- 
rial, and carbohydrates. At no time was any sterol detected in the triglyceride 
fraction. 

t Per cent of total lipide applied to column; material in methanol-ether (M-E) 
fractions not included (see Fig. 3). 


triglycerides by washing with ethanolic 50 per cent alkali. However, in the 
latter case diglycerides and especially monoglycerides should be absent 
inasmuch as they may be removed along with the free acids. 


4 
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Yeast—-A most interesting pattern developed in the fractionation of the 
lipides of yeast. As shown in Table III, the triglycerides were composed 
mainly of free fatty acids. From the results with the neutral lipides of 
rat liver and beef liver, it is reasonable to assume that these did not arise 
by decomposition of the lipide in the chromatographic procedure. As 
pointed out by Kleinzeller (16), there appear to be some clear indications 
that a considerable amount of free fatty acids may be present in micro- 
organisms. Although the procedures for the isolation of the lipides from 
this source are gentle, it does not rule out entirely degradation in the 
extraction process. This is based on the probability that powerful lipo- 
lytic enzymes exist in the cells and may be solvent-activated during the 
isolation procedure as are the lecithinases (17), thus causing extensive 
degradation of the lipides. 

The remainder of the constituents of the yeast neutral lipides were 
sterol esters, sterol (ergosterol), diglycerides, monoglycerides, and traces 
of other components too small to be adequately identified. In actual 
practice it was found impossible to separate the sterol and diglyceride 
fractions, even when the loading or the solvent system was altered. This 
may be due to the increased polarity of ergosterol over cholesterol, which 
then makes the difference between these compounds (on a chromatographic 
basis) much less. 

General Comments—In view of the results discussed above, it would 
appear that hexane is a more suitable ‘“‘non-polar” solvent than petroleum 
ether for silicic acid chromatography of neutral lipides. Hexane is readily 
available in a state of high purity and with a definitive narrow boiling 
point range, whereas petroleum ether (b.p. 30—60°) lacks these characteris- 
tics. Thus the above combination of solvents (‘‘Fractionation data’’) 
accomplished the most reproducible and effective separation of the neutral 
lipides from rat liver, beef liver, and yeast. Recently, Mead? has recom- 
mended the use of pentane as a substitute for petroleum ether, and this 
has been applied by Mukherjee et al. (18). However, because of its low 
boiling point (36.2°), it may pose problems similar to those encountered 
with petroleum ether (7.e. bubbling; drying of the column near the base). 

As would be expected, the nature of the solvents and the pretreatment of 
the column were of considerable importance. The influence of benzene on 
the adsorption characteristics of the silicic acid was particularly definitive. 
In columns in which benzene was not included in the initial solvent system, 
the triglycerides were rapidly eluted with | per cent diethyl ether in hexane 
and were in general contaminated with cholesterol esters. However, 
in those columns wherein 15 per cent benzene in hexane was employed for 
removal of the sterol esters, the triglycerides were removed only with 


? Personal communication. 
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higher concentrations of diethyl ether in hexane and with no sterol con. 
tamination. While it was observed that 3 per cent ether in hexane would 
slowly elute the triglycerides, the use of 5 per cent ether in hexane allowed 
a more rapid and reproducible elution. 

There appeared to be little influence of temperature (25—28°) on the 
chromatographic separation; however, depending on particular laboratory 
conditions, it is advantageous to have water-jacketed columns for tempera- 
ture control. In the case of the yeast lipides, undue exposure of the 
column to light can cause alterations in the sterols. Although there may 
be a slight amount of finely divided silicic acid filtering through into the 
eluates, the solubility of silicic acid is very low in the solvents used. Never- 
theless, silicic acid is detectable in the eluates, and in view of evidence 
presented by Holt and Yates (19), it can be attributed to the dissolving 
effect of hydroxy-containing compounds, 7.e. monoglycerides. 

At this point, it is well to emphasize that lipide samples as fresh as 
possible should be used, and in general it has been noted that the frae- 
tionated samples are much more stable than the original crude fraction. 
Furthermore, as has been indicated previously (3), chromatographic 
separation of lipide samples is by no means a panacea. However, it can 
be a very useful technique when used with the proper precautions and 
knowledge that there are inherent errors in such procedures. In addition, 
the use of as many criteria as possible to establish the identity of a fraction 
is most desirable, and use of a particular solvent system or procedure may 
require some alteration, depending upon the source of material and the 
general composition of the samples. Thus, these procedures can serve 
as an initial stage for partial or complete fractionation of certain com- 
ponents, an aid in study of the mechanism of lipolytic degradations, or 
in application to certain metabolic problems. 

In a recent study, LaRoche (20) has observed that an entire lipide 
sample containing all the neutral lipides as well as the phospholipides of 
salmon tissues can be separated on silicic acid by use of the solvent sys- 
tems described here for neutral lipides, followed by use of chloroform 
methanol mixtures for the phospholipides (3). In addition, LaRoche (20) 
observed that a general separation of the neutral lipides from the phospho- 
lipides could be accomplished by passage of the entire lipide sample through 
silicic acid first in 100 per cent ether, wherein the neutral lipides are not 
adsorbed, with subsequent elution of the phospholipides with methanol. 
As has been reported by Borgstrém (4) and confirmed here, chloroform can 
replace diethyl ether in the fractionation. 


SUMMARY 


The chromatographic separation of the neutral lipides of rat liver, 
beef liver, and yeast on silicic acid has been investigated. Hexane has 
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heen employed as the major non-polar solvent, and in combination with 
the following solvents a fractionation of the indicated components could 
he achieved: hexane, pigments, hydrocarbons; hexane-15 per cent benzene, 
sterol esters; 5 per cent ether in hexane, triglycerides plus free fatty acids; 
15 or 20 per cent ether in hexane, free sterols; 30 per cent ether in hexane, 
diglycerides; and 90 to 100 per cent ether in hexane, monoglycerides. 

Significant amounts of diglycerides, and to lesser extent monoglycerides, 
were found in rat liver but not in beef liver lipides. Monoglycerides were 
found in both rat and beef liver. The ‘‘triglyceride”’ fraction of yeast was 
composed mainly of free fatty acids. 
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A MASS ANALYSIS STUDY OF THE METABOLISM 
OF PROPIONATE BY PROPIONIBACTERIUM 
ARABINOSUM* 


By SEYMOUR H. POMERANTZ 


(From the Department of Biochemistry, Western Reserve University School of Medicine, 
Cleveland, Ohio) 


(Received for publication, October 18, 1957) 


Earlier studies of the Propionibacterium have revealed that various types 
of singly labeled glucose (1) and 3-carbon substrates (2) such as lactate-2- 
and 3-C'4, pyruvate-2-C", and glycerol-1 ,3-C" are all metabolized to prod- 
ucts which contain significant amounts of C™ distributed in all carbon 
atoms. The mechanism of this isotope distribution has been investigated 
by Wood et al. (3), who incubated resting cells of Propionibacterium arabi- 
nosum with propionate-1 ,3-C™ and unlabeled succinate, acetate, and Na- 
HCO;. Although the amount of propionate in the medium remained 
almost constant, the label in the 3 position was randomized into the 2 posi- 
tion, but the specific activity of the carboxyl carbon changed very little. 
If succinate were involved in the randomization of the C through a re- 
versible decarboxylation to propionate (Fig. 1, A), then a dilution of C"™ 
in the carboxyl carbon of the propionate by the C; pool would be expected 
to occur along with randomization. The failure to observe such a loss 
has been explained previously (3) by assuming that the cell was only slowly 
permeable to succinate and that a small pool of C,; units within the cell 
acquired high activity by equilibration with the carboxyl carbon of pro- 
pionate. After the initial saturation of the small C,; pool with C' there 
would be no further dilution of C™ in the carboxyl carbons. 

A second mechanism for propionate randomization, similar to one postu- 
lated by Mahler and Huennekens (4), involves an intermediate three-mem- 
bered ring, as shown in Fig. 1, B. In contrast to the randomization via 
succinate (Fig. 1, A), no carbons are split off completely or added 
during the transformation. It is possible to differentiate between these 
two mechanisms by the use of C' and a variation of the mass analysis 
technique employed by Wood (5). The usual tracer technique could not 
be used because this method does not distinguish between intramolecularly 
triply labeled propionate (C"H;—C"H,—C*OOH) and a mixture of singly 

* This work was supported by grants from the Department of Health, Education, 
and Welfare, grant No. RG-4529 (C), and by the Elisabeth Severance Prentiss Fund 


of Western Reserve University. The C™ was obtained on allocation from the Atomic 
Energy Commission. 
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labeled propionates (CH;—CH.—C#¥OOH, CH;—C"H:—COOH, and 
C8H;—CH:—COOH) which is intermolecularly labeled in three positions. 
With the mass spectrometer these mixtures can be distinguished because 
any compound will exhibit a characteristic spectrum which is a reflection 
of its isotopic composition. For example, assume that triply labeled! pro- 
pionate containing 20 atom per cent excess of C in each position is incu- 
bated with cells together with unlabeled propionate, and that the mixture 
is composed of 25 per cent of the triply labeled propionate and 75 per cent 
unlabeled propionate, as illustrated in Fig. 2. If a cyclic intermediate is 
involved, it is clear from Fig. 2, A, that each molecular species will retain 
its integrity. If succinate is an intermediate, the C," groups obtained 
from the labeled species will equilibrate with the C; groups from unlabeled 


A 


C, + C*H;-CH,-C*OOH HOOC-C*H,-CH,-C*OOH HOOC -C*Hz-CH; + 


C*OOH JO... C*OOH 


CH,—C*H, CH,—C*H, = CH,;—C*H, 


Fig. 1. Succinate mechanism and cyclic mechanism of randomization of isotope 
in propionate. 


species (Fig. 2, B). This will result in 5 atom per cent excess C" in the 
C, and eventually both the singly and triply labeled types of propionate 
will have an excess of 5 atom per cent C™ in the carboxyl group. Since 
by the succinate mechanism the initial and final propionate mixtures differ, 
the mass spectra of the two will differ, even though the average isotope 
composition of each position in the initial and final compounds is the same. 
This is shown by the average isotope composition in Fig. 2, B. 


Methods 


In order that gases might be used and also to avoid the complicating 
effects of the isotopes of oxygen, the propionate was converted to pro- 


1 The present study could have been made with doubly labeled propionate (C“H:;- 
CH.2-C"OOH). Triply labeled propionate was used with the expectation of study- 
ing cleavage between the 2- and 3-carbons, but this was not accomplished in these 
experiments because of the lack of material. This problem is covered in the accom- 


panying paper (6). 
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pylene. The masses of propylene dealt with were 42 (no C¥ in the mole- 
cule), 43 (one 44 (two and 45 (three C’s). The synthetic triply 
labeled C'3-propionate contained an equal amount of C in both the 2 and 
3 positions, and as a result the extent of randomization could not be fol- 
lowed with this isotope. This was accomplished by incorporating pro- 
pionate-1 ,3-C™ into the mixture and determining the C™ distribution in 
the isolated propionate. The actual number of C' atoms is so small rela- 
tive to C® and C® that C™ may be disregarded in the mass analysis. 


A 
‘OOH CO HOOC 
25% = XQ = 25% 
C C Cc C C 
20 20 20 20 20 20 
co HOOC 
75% = = 75% 
C C C 
B 
20 20 20 , 20 20 5 
25% C-C-COOH 25% 
C4 catalytic amount ——~ 
CeCe CooH in cell 75% 
5 5 5 5 5 5 
av. C e« C - COOH CeCe COOH av. 


Fria. 2. An example of the use of triply labeled and unlabeled propionate to deter- 
mine the mechanism of propionate randomization. The superscripts give atom per 
cent excess. 


Preparation of Triply Labeled Propionate—Triply labeled propionate was 
synthesized from BaC"QO ; containing 22.6 atom per cent excess C™ accord- 
ing to the following scheme: J 


Mg H.O 
aC 3); BaC, HC*%==C“H Heso. 
C8H;—C¥HO C3H;—C"00H : 


C3H;—C*H.—Mgl 
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The doubly labeled acetate was prepared as previously described (5). This 
synthetic method assures that these two positions have the same C" cop- 
tent. The purified sodium acetate was converted to ethanol and then 
through the iodide to the Grignard reagent, which was carbonated with 
CQO, prepared from the same batch of BaC"O; used to synthesize the 
BaC,". The propionate and acetate were purified on acid Celite columns 
(7). A sample of the propionate was oxidized to CO, by the Van Slyke- 


TABLE I 


Degradation of Mixture of Triply Labeled and Unlabeled Propionate Used 
in Experiments of Tables III, V, and VI 


CHa CH: COOH 
C8 atom % excess......... 3.12 3.07 3.89 3.37 
C', ¢.p.m. per mmole C.. . 7190 139 3100 3600 


Calculation of composition: Since the average excess C'™ of the mixture was 3.37 
per cent and that of the original triply labeled propionate was 18.1, the mixture was 
composed of 18.6 per cent of the synthesized propionate-C'3(3.37/18.1 & 100), the 
remainder being non-isotopic propionate and propionate-C!*. This is in agreement 
with the composition calculated from the weights of the propionate samples used to 
make the mixture. Since the mixture had an excess C' of 3.89 atom per cent in the 
carboxyl carbon, the triply labeled propionate is calculated to have contained 20.9 
atom per cent excess C!’ in the carboxyl carbon (3.89/0.186 = 20.9) instead of 22.6; 
apparently there was a dilution of C!* during the carbonation reaction. The dilu- 
tion of the 2- and 3-carbons during the hydride reduction of the acetyl chloride 
caused formation of two types of propionate, triply labeled and carboxyl-labeled. 
If x equals the fraction of the propionate which is triply labeled, then ((22.6 + 
22.6 + 20.9)/3) x + ((20.9/3) (1 — z)) = 18.1; c = 0.740; and (1 — zx) = 0.260. 

| 22.6 22.6 20.9 
The composition of the entire mixture therefore was CH;—CH.—COOH (18.6 X 
20.9 
0.740 = 13.8 per cent), CH;—CH.—COOH (18.6 X 0.260 = 4.8 per cent), and CH;— 
CH2—COOH (81.4 per cent). 


Folch method (8) and the average C™ content of the acid was found to be 
18.1 atom per cent excess. A dilution of the 2,3-carbons apparently oc- 
curred because of ethanol or acetaldehyde present in the diethyl carbitol 
used as a solvent in the LiAlH, reduction (5), and there was also some dilu- 
tion of the carboxyl carbon by extraneous CO, during the carbonation 
step. 

For use in the fermentation this triply labeled propionate was mixed 
with non-isotopic propionate and a small amount of propionate-1 ,3-C™. 
The mixture was degraded by the azide method (9) in order to determine 
the average C™ content in each position of the mixture. Table I gives 
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the data as well as the method for calculating the composition of the mix- 
ture, Which was found to contain 13.8 per cent triply labeled propionate 
92.6 22.6 20.9 

(CH; -CH,—COOH), 4.8 per cent singly labeled propionate (CH;—CH,.— 

20.9 
COOH), and 81.4 per cent unlabeled propionate (CH;—CH.—COOH). 
The superscripts give atom per cent excess C™. 

Calculations—Correction factors for the fragmentation of propylene in 
the electron beam were obtained by analyzing a sample of ordinary pro- 
pylene in the mass spectrometer. The factors were as follows: loss of 1 
hydrogen, 1.65; loss of 2 hydrogens, 0.436; and loss of 3 hydrogens, 1.26. 
It was assumed that the relative loss of hydrogens from the C™ carbons 
was the same as those for C” carbons (10). For a sample calculation 
showing the application of correction factors, see Wood (5). 

The spectrum to be expected from the known propionate mixture may 
be calculated with the aid of Table II. Fy, is the fraction of C* in car- 
bons 2 and 3, and F», the fraction of C™ in the carboxyl carbon; T is the 
fraction of triply labeled, D, the fraction of doubly labeled, and 8, the 
fraction of singly labeled species; N is the fraction of unlabeled material. 

Reference to Table II allows the formulation of Equations 1, 2, and 3. 


F,*F.T + 1.09 X 10-*F,F2,D + 1.188 


Mass 45 10-*F.S + 1.295 K 100 (1) 
Mass 42 — — F.)T + 0.9890. — F,)(1 — F2)D 
+ 0.978(1 — F2)S + 0.967N 
Mass 44 ial 
Mass 42 P° 


— Fe) + 2F,F2(1 — + [1.09 X 10-7(F, + F2) + 0.967F 


1.188 X 10-4(1 — F 1 10-*F 2 10-*N 
+ x ( 2) + 2.16 X + 3.52 X x 100 (2) 


(1 — F,)?(1 — F2)T + 0.989(1 — Fi)(1 — 
+ 0.978(1 — F.)S + 0.967N 


Mass 43 


Mass 42 
— — F.2) + (i — 
+ [1.09 10°-7(1 — Fi) (1 — + 0.989(F; + — 1.978F,F.2]D 


+ [2.16 X — F:) + 0.978F2] + 3.20 X 104N (3) 


+ 0.978(1 — F.2)S + 0.967N 


By substituting in the equations known values of F; and F, and known 
values of T, D, S, and N, it is possible to calculate each of the mass values 
for a mixture. These values may then be compared with the corrected 
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| (Zt) *Had= 
296°0 = ¢(686'0) CGA — 1)826°0 — DCA — 16860 Ga — — 1) Had— Had 
z-OI X = + — + "6860 + — 1) + 
(<-OI X (A — X 91% a — 1D) Ca — X 60'T Ga — 
z(686'0) — 1)686°0 — 1) O Had 
— X 60°T) *Had= 
(686° 0) — 1)'4686°0 Ga — D'aCa — Hea O— Had 
— 1) (686'0) 
(s-OI X 60°T) fa — 1) Ca — X 6OT Ga Ca | Herd 
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mass abundance values as determined experimentally with the mass spec- 
trometer. In addition, the equations may be used for the calculation of 
unknown mixtures by the use of experimentally determined mass values 
and the values of F; and F; to solve for T, D, 8S, and N (1—T—D-—S). 
These equations and calculations are extensions of those formulated by 
Wood (5) for the mass analysis of ethylene. 

Table III shows the agreement between the figures obtained from mass 
analysis and the values calculated from a knowledge of the composition 
of the mixture (Table I). It is seen that there is reasonably good agree- 
ment of the values, and the methods appear to be reliable.” 


TABLE III 


Comparison of Determined and Known Values for Mixture of Triply and 
Unlabeled Propionate 


All the values are expressed in per cent. 


Corrected compared Molecular composition 


Triply Doubl Singly 
Mass 45 | Mass 44 | Mass43 | | labeled | labeley |Unlabeled 


Determined 
values*.......} 0.200 2.07 10.1 14.4f 0.7T 84.3f 
Known values...| 0.192f 1.97f 10.6f 13.8 0 4.8 81.4 


* These values have been corrected for fragmentation; the uncorrected spectrom- 
eter values were 45/42 = 0.170 per cent, 44/42 = 2.04 per cent, 43/42 = 11.5 per cent. 

t Calculated from Equations 1, 2, and 3 with F; = 0.237, F2 = 0.220, and deter- 
mined values for masses 45, 44, and 43, 7z.e. 0.200, 2.07, and 10.1, respectively. 

t Calculated from Equations 1, 2, and 3 with use of F; = 0.237 (0.226 + 0.0109), 
F, = 0.220 (0.209 + 0.0109), and T = 13.8,D = 0,8 = 4.8, and N = 81.4; cf. Table L 


Randomization of Propionate with P. arabinosum—The cells of P. arabi- 
nosum were grown successively for 3 day periods in 10 ml., 100 ml., and 1 
liter of medium. The medium was composed of the following (per liter) : 
glucose 5 gm., Difco yeast extract 5 gm., calcium pantothenate 1 mg., 
thiamine hydrochloride 1 mg., biotin 0.2 mg., and potassium phosphate 


? Through the courtesy of Dr. W. A. Bailey, Jr., Director of the Houston Research 
Laboratories of the Shell Oil Company, the propylene samples were analyzed by a 
special technique. The operating voltage of the mass spectrometer was lowered to 
approximately 7 volts. At this low voltage the ionization and fragmentation pat- 
terns of any carbon dioxide impurity were not obtained, whereas it was still possible 
to cause ionization of propylene. For this sample their results, in per cent, after 
correction for fragmentation were mass 45/mass 42 = 0.24; mass 44/mass 42 = 2.06; 
and mass 43/mass 42 = 10.4. The accuracy of the measurement of mass 45/mass 
42 was not as great as in the runs made in the author’s laboratory. 
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buffer, pH 6.9, 0.05 m. The cells from the 1 liter medium were centri- 
fuged, washed three times with distilled water, and again suspended in 
water. The two experiments were carried out under helium at 30° for 
6.5 hours in a three-necked flask fitted with a gas inlet tube, dropping 
funnel, and outlet tube leading to a mercury valve. The 200 ml. reaction 
mixtures contained 5 per cent wet weight of P. arabinosum; phosphate 
buffer, pH 5.9, 0.05 mM; and sodium propionate, ~0.02 m. The fermenta- 
tions were stopped by addition of H.:SO, and the cells were centrifuged. 
The supernatant solution was extracted for 2 days with ether in the ex- 
periment of Table IV; it was steam-distilled in the experiment of Table V. 
The acids were neutralized, the solutions evaporated to dryness, and then 
chromatographed on an acid Celite column (7) to separate the propionate. 
The propionate was analyzed for isotope content after oxidation to CO, (8) 
and was also degraded (9). C' determinations and mass analyses were 
carried out on a Consolidated Instrument Company mass spectrometer, 
model No. 101. The propionate-C" was converted to propylene for mass 
analysis by a slight modification of the method described by Wood (5) 
for the conversion of acetate to ethylene. Special efforts were made to 
free the propylene sample of carbon dioxide by passing the gas repeatedly 
through Ascarite. Carbon dioxide, witha mass of 44, would cause serious 
errors in the result if it were present in the sample. All readings of the 
spectrometer were corrected for background readings obtained when no 
gas was introduced into the instrument. 


Results 


Table 1V shows the results obtained with propionate-1 ,3-C'™. The 
randomization of the 3 position of propionate to the 2 position was 75.7 
per cent, yet there was very little change in the concentration of C™ in 
the carboxyl group. These results are in accord with the earlier experi- 
ments (3) in which bicarbonate was included in the medium; the present 
experiment contained only cells, phosphate buffer, pH 5.9, and propionate. 
It is noted that 83 per cent of the initial propionate was recovered; in 
addition, some acetate (0.121 mmole) and succinate (0.024 mmole) were 
obtained. The latter were not further investigated. It thus is clear that 
the randomization between the 2- and 3-carbons occurs with little net break- 
down or loss of the carboxyl carbon of the propionate. 

The data from the mass analysis of the propionate-C mixture are shown 
in Table V. If the cyclic mechanism prevailed, the mass spectrum of the 
propylene derived from the recovered propionate would be identical with 
that of the propylene from the initial propionate. A comparison of the 
mass ratios of the initial and final propylene (Table V) clearly shows a 
great difference. Consequently it is certain that a cleavage reaction oc- 
curred and the sole participation of a cyclic mechanism is ruled out. 
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TaBLe IV 
Randomization of Propionate-1 ,3-C'* by Resting Cells of P. arabinosum 
CO: of 
CHs CHe COOH combus- Randomization 
tion 
Initial propi- 
onate........| 3.85 | 161 0 58.0 82.3 
Final 2X 57.4 X 100 _ 75.7 
onate........| 3.19 | 94.0 | 57.4 56.4 78.3 94.0 + 57.4 


—_—-—- 


TABLE V 
Mass Spectrum of the Initial Propylene from Mixture of C Triply Labeled and Un- 
labeled Propionate and That Obtained after Incubation with P. arabinosum; 
Comparison with Calculated Spectra for Different Amounts of Randomization 


Corrected mass abundance compared to mass 42 

Mass 45 Mass 44 Mass 43 

per cent per cent per cent 

Initial propylene. . 0.200 2.07 10.1 
Final propylene*. 0.085 1.40 11.4 
Caleulated for 75% 0.081 1.42 12.1 
87.4% . 0.063 1.33 12.4 

100% randomizationf....... 0.044 1.23 12.6 


*The uncorrected spectrometer values were 45/42 = 0.071, 44/42 = 1.29, and 
43/42 = 11.5 per cent. Analysis of this sample by the Shell Oil Company gave cor- 
rected mass abundance ratios in per cent of mass 42 as follows: 45 = 0.15, 44 = 1.52, 
and 43 = 11.4. 


23.7 23.7 4.98 
t For 100 per cent randomization the species are: (1) C—C—COOH, 13.8 per 
1.09 1.09 4.98 
cent, and (2) C—C—COOH, 86.2 per cent. For 87.4 per cent randomization, the 
23.7 23.7 22.0 1.09 1.09 22.0 

species are: (1) C—C—COOH, 1.74 per cent (13.8 & 0.126); (2) C—C—COOH, 0.60 

1.09 1.09 1.09 23.7 23.7 

per cent (4.8 & 0.126); (3) C—C—COOH, 10.26 per cent (81.4 K 0.126); (4) C—C— 
4.98 1.09 1.09 4.98 


COOH, 12.0 per cent (13.8 & 0.874); and (6) C-—C-—COOH, 75.4 per cent (86.2 X 
0.874). The superscripts give atom per cent C!’. For 75 per cent randomization the 
same species are involved, with the percentages being (/) 3.45, (2) 1.20, (3) 20.35, 
(4) 10.35, and (6) 64.65. For each randomization mixture the contribution of each 
species to each mass number was calculated according to Table II and the per cent 
of each species in the mixture. The masses were then totaled and the mass abun- 
dances relative to mass 42 were calculated. 
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The degradation data for the triple labeling experiments are given jn 
Table VI. There is some inconsistency between the C and C" data, 
particularly with respect to the carboxyl carbon of the recovered pro- 
pionate. According to the C™ results the carboxyl carbon of the recoy- 
ered propionate had 81 per cent of the specific activity of the carboxy] 
carbon of the added propionate (2500/3100 * 100), whereas from the C® 
data it was 92 per cent (3.59/3.89 K 100). The C't and C® determinations 
were made on the same gas samples. It seems likely that there was a 
counting error on the carboxyl carbon because there is a discrepancy be- 
tween the sum of the activities of the carbons of degradation and that of 
the CO, of combustion & 3 (9920 compared to 10,560). Also, the dilution 


TABLE VI 


Comparison of Isotope Distribution in Initial and Final Propionate after 
Incubation with Triply Labeled and Unlabeled Propionate with 
P. arabinosum 


CO; of com-| Per cent 
CH CH COOH : nd 
bustion 
mmoles 
Initial pro- | 3.99 | C'* e.p.m. | 7190 139 3100 3600 
pionate per mmole) 
C 
C® atom % 3.12 3.07 3.89 3.37 
excess 
Final propi- | 3.40 | C' e.p.m. | 4180 3240 2500 3520 87.4 
onate per mmole, 
C 
C3 atom % 3.41 3.04 3.59 3.28 
excess 


of C™ of the carboxyl carbon (19 per cent) is not consistent with that 
observed in the experiment of Table IV (4 per cent), whereas the C" is 
more comparable (8 per cent). There was somewhat more C® in the 3 
than in the 2 position in the recovered propionate. The only source of 
C8 with higher activity than the 2- and 3-carbons is the carboxy] carbon 
(3.89). In view of the finding of Leaver et al. (2) that only carboxyl-la- 
beled propionate was formed from carboxyl-labeled lactate, it seems un- 
likely that the carboxyl carbon of propionate is converted to the 2- or 3- 
carbons. Possibly some of the discrepancy is caused by an isotope effect 
but it seems more likely that there was an error in C® analysis of the 3-car- 
bon. That this explanation is probably correct is shown by the results 
obtained with triply labeled lactate as a substrate (6). In this case the 
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isotope contents of the 2- and 3-carbons of the isolated propionate were 
virtually unchanged from the 2- and 3-carbons of the lactate. 

The C' data of Table VI show that a randomization corresponding to 
87.4 per cent occurred. In Table V, the calculated mass ratios are shown 
for this randomization. ‘The determined mass 45 and mass 43 data are 
somewhat at variance with the calculated values for 87.4 per cent random- 
ization. If a calculation is made for 75 per cent randomization (third 
line, Table V), the agreement with the experimental data is better. Al- 
though there are some discrepancies in the data, the mass analysis values 
are in reasonable agreement with the extent of randomization determined 
with C4, and it appears that at some period during the randomization of 
propionate the carboxyl carbon was entirely free from the remainder of 
the molecule. 


DISCUSSION 


The usefulness of the mass spectrometer in determining reaction mech- 
anisms is clearly demonstrated in the present study. The randomization 
of the C' of propionate from carbon 3 into 2 occurs with no significant 
loss of C4 from the carboxyl group of the propionate-1 ,3-C™ (Table IV). 
Thus, by the usual tracer method there is no indication that the reaction 
involves a cleavage of carbon 1 from the remainder of the carbon chain. 
From the data obtained by mass analysis it may be inferred that a pool 
of cleavage products must be formed from the labeled and unlabeled mole- 
cules, everi though these cleavage products are reassembled with no net 
change in the amount of material. The cleavage can be detected because 
dilution of the C,' occurs when the isotopic and non-isotopic cleavage 
products equilibrate in the pool of intermediate compounds of the reaction 
in the cells. The recovered propionate thus is composed of a mixture of 
species different from the original mixture. The cyclic mechanism is not 
completely excluded, however, because it is possible that the cleavage of 
the carbon chain occurs secondary or in addition to the cyclization. 

There have been numerous reports concerning the ability of whole cells 
(11-13) and of cell-free extracts (14-16) of propionibacteria and of Micro- 
coccus lactilyticus to carry out the decarboxylation of succinate to pro- 
pionate. Several investigators have shown with propionibacteria that the 
C, formed during this reaction is not in equilibrium with CO, (15-17). 
It has been found (14-16) that extracts of M. lactilyticus produce stoichio- 
metric amounts of propionate and CO., and extracts of both organisms 
have the ability to form CoA* derivatives of succinate, propionate, and 
acetate (14-16). The following reaction scheme has been postulated (14, 


? Abbreviations: CoA, coenzyme A; ATP, adenosine triphosphate. 
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16) to account for these results: 


CoA, ATP 
Succinate - succinyl-CoA propionyl-CoA + C, 
ATP (CO, 
| CoA 
Propionate 


Such a scheme would also satisfy the data of our experiments. From 
experiments with glucose-2-C™, Wood et al. (1) found that the 2 and 3 
positions of propionate were more active than the 2,3 positions of suc- 
cinate, and concluded that it was unlikely that succinate is the sole pre- 
cursor of propionate. However, later experiments which involved the iso- 
lation of the “intracellular” acids (3) indicated that there is more than 
one pool of propionate and succinate, respectively, and that these are 
formed by different pathways. They, therefore, concluded (3) that it is 


C*H;—CH.—C*OOH = [C*=C 4+ C,*] 
HOOC*—*CH=CH, = HOOC*—C*tH,—CH, 
Fic. 3. Randomization of propionate via a symmetrical C. intermediate 


possible for the C' distribution of the propionate to differ from the sue- 
cinate even though succinate is its sole precursor. 

The nature of the active C; unit is as yet unknown. Bachhawat and 
Coon (18) have presented evidence that adenosine phosphoryl carbonate 
is the active C,; compound involved in the carboxylation of 8-hydroxyiso- 
valeryl-CoA to 8-hydroxy-8-methylglutaryl-CoA by pig heart and rat liver 
preparations. Flavin et al. (19) have obtained an enzyme preparation 
from these same organs which activated CO, for carboxylation of propionyl 
CoA, and they suggest that carbonyl phosphate is the active C; compound 
for this reaction. 

Although the mechanism of the randomization and cleavage may occur 
via a C, dicarboxylic acid, as illustrated in Fig. 2, B, there are other possi- 
bilities. For example, there may be cleavage to a C,; and a symmetrical 
C, such as is illustrated in Fig. 3, or an attack at carbon 3 could occur 
simultaneously with the loss of the carboxyl carbon as a C;. Stadtman 
has shown (20) that the oxidation of propionate by dried cell suspensions 
of Clostridum propionicum leads to the accumulation of 6-alanine and that 
extracts of this organism catalyzed the formation of 8-alanyl-CoA from 
acrylyl-CoA and ammonia. Recently it has been found that 6-hydroxy- 
propionate is formed during the oxidation of propionate by peanut mito- 
chondria (21). Further study of the mechanism of randomization of pro- 
pionate is needed to determine the details of the reaction. 
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SUMMARY 


The 3-carbon of propionate-1,3-C"™ is randomized to the 2 position by 
Propionibacterium arabinosum without loss of C' from the carboxyl carbon 
and with little or no net change in the amount of propionate. These 
results are in accord with a randomization mechanism which does not 
involve cleavage of the molecule. The mass spectrum of a mixture of 
C" triply labeled and unlabeled propionate was compared before and after 
fermentation. The spectrum was changed by the fermentation, thus show- 
ing that cleavage had occurred during the randomization. The mech- 
anism of the randomization is discussed as well as the utility of the mass 
spectrometer in the study of reaction mechanisms which may involve 
cleavage and resynthesis without net change in the products. 
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Leaver (3) and Leaver and Wood (4) found with resting cells of Propioni- 
bacterium arabinosum that formaldehyde-C™ was incorporated into each 
position of propionic and succinic acids during fermentations of glucose, 
pyruvate, or glycerol. These findings raised the question of whether a 
total synthesis of the products from formaldehyde had occurred; that is, 
formation of molecules in which all carbons had been derived from formalde- 
hyde. Another possibility was that formaldehyde-C had combined with 
an intermediate produced from the unlabeled substrate, thus yielding a 
singly labeled compound. The isotope then might be randomized in such 
a way as to yield three types of singly labeled propionate molecules (CH; 
CH,COOH, CH;C“H.2COOH, and CH;CH,C“OOH), and therefore the iso- 
tope would appear in each position upon degradation. The technique of 
mass analysis, previously adapted to the study of CO, fixation by Wood 
(5), and employed in the accompanying paper (6) and by Swim and Kram- 
pitz (7), has been applied to the above questions. It was known, how- 
ever, that the carboxyl carbon of propionate is reversibly cleaved during 
resting cell fermentations (6); therefore any triply labeled propionate 
would be destroyed even if it were formed initially. Nevertheless, the 
2,3-carbons of propionate might be studied to determine whether doubly 
labeled material was produced at these positions from formaldehyde car- 
bon. It remained possible, however, that propionate or a precursor of 
propionate might be reversibly cleaved between carbon atoms 2 and 3, 
and thus doubly labeled material formed from formaldehyde carbon at 
carbons 2 and 3 would be destroyed also. This possibility was investi- 
gated by a procedure similar to that used by Pomerantz (6) in studying 
cleavage at the propionate carboxyl group. 

These mass analysis studies have shown that there is little or no cleav- 
age of lactate between the 2- and 3-carbons during its conversion to pro- 


* This work was supported by grants from the Atomic Energy Commission, No. 
AT(30-1)-1050; the Department of Health, Education, and Welfare, grant No. 
RG-4529 (C); and by the Elisabeth Severance Prentiss Fund of Western Reserve 
University. Preliminary reports of this work have appeared (1, 2). 
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pionate. The fixation of formaldehyde appears to give rise to a mixture 
of three types of singly labeled propionate molecules. 


Methods 


Synthesis of Triply Labeled Lactate—Triply labeled lactate was synthe- 
sized according to the following equations. 


A HgSO, 
1. KC8N 


The acetylene was prepared as described by Calvin et al. ((8), p. 205), 
converted to acetaldehyde, and then to lactic acid (9). The lactic acid, 
after purification on a Celite column (10), was obtained in a yield of 35 
per cent from barium carbonate. 

Synthesis of Formaldehyde—The isotopic formaldehyde was prepared by 
reduction of CO, to methanol with LiAIH, (11), followed by catalytic ox- 
idation of the methanol to formaldehyde (12). 

Cultivation of Cells and Fermentation with Resting Cells—The cells were 
grown in a medium similar to that previously described (6), except for 
the fermentations of lactate in which 1.0 per cent sodium lactate and only 
0.1 per cent glucose were used. The cells were cultivated successively for 
1 day periods in 10 ml., 100 ml., and 1 liter of medium, and then har- 
vested (6). The conditions of the experiments are given in Tables I, III, 
and V, and the products were separated and purified as described (6). 

Degradation and Isotope Analysis Methods—Propionate and acetate were 
degraded by the Schmidt azide method (13) and were oxidized to CO; (14) 
for C¥ analysis. Lactate was degraded by the method of Wood et al. (15). 
C™ analyses and mass analyses of ethylene were performed on a Consoli- 
dated Instrument Company mass spectrometer, model No. 101. (See 
Wood (5) and Pomerantz (6) for the details of corrections for fragmenta- 
tion and background.) 

Preparation of Ethylene from 2 ,3-Carbons of Propionate—The propionate 
was converted to ethylene by a slight modification of the method of Swim 
and Krampitz (7). 


NaN; HCHO | 
CH:—CH:—COONa CH;—CHr—-NH: 
CH;—CH.—N(CH;), “+ CH=CH; 


The masses of ethylene involved are 28 (no C" in molecule), mass 29 (one 
C'), and mass 30 (two C"’s). 


| 
d 

| 
\ 
{ 
t 


ure 


he- 


S. H. POMERANTZ AND H. G. WOOD 521 


Equations—W ood has developed (5) Equations 1 and 2 which express 
the relationship between the labeled types of ethylene and the mass abun- 
dances. 


Mass 30g 100 FD + 1.09FS + 1.188 X 10-* (I-D—S) 
Mass 28 P° (1 — F)*D + 0.989(1 — F)S + 0.978(1 —D—S) 


Mass _ 200F(1 — F)D + [98.9F + 1.09 (1 — F)] + 2.16 (I—D—S) 
Mass 28° (1 — F)?D + 0.98911 — F)S + 0.978(1—D—S) 


(1) 


(2) 


F is the known fraction of C™ in the labeled source and S and D are the 
fractions of singly and doubly labeled ethylenes, respectively. The two 
mass ratios are obtained experimentally! and the equations are solved si- 
multaneously for S and D. WN, the fraction of unlabeled ethylene, is ob- 
tained by the relationship N = 1 — (S + D). 


Results 


The object. of these mass analysis experiments was to determine whether 
more than one of the carbons in the same molecule of propionate was de- 
rived from formaldehyde. The first problem was to determine whether 
the C,; unit from labeled formaldehyde was diluted by unlabeled substrate. 
From Equations 1 and 2 it is clear that in order to calculate the amounts 
of singly and doubly labeled material it is necessary to know F, the frac- 
tion of C in the C, compound produced from formaldehyde and subse- 
quently used for the synthesis of propionate. To obtain information on 
this point two types of experiments were performed. First, labeled for- 
maldehyde was added to fermentations of unlabeled substances, and the 
residual formaldehyde was recovered. It was found that the tracer in 
the residual formaldehyde had undergone only a slight dilution. How- 
ever, it was possible that part of the unlabeled substrate was cleaved to a 
C, identical with that produced from the labeled formaldehyde. These 
C, units would mix in the metabolic pools, giving a dilution of the isotope 
in the C,, while the C™ concentration of the formaldehyde per se remained 
unchanged. 

The second type of experiment involved a study of the cleavage of car- 
bon bonds in the material used as the unlabeled substrate in the formalde- 
hyde experiment. Lactate was chosen initially as the unlabeled substrate 
because it was possible to synthesize triply labeled lactate and to estimate 
the production of C, from this source. Previous experiments had indi- 
cated that the carboxyl group of lactate apparently did not give rise to a 


'The correction factors for fragmentation (5) are loss of 1 hydrogen 0.641, and 
loss of 2 hydrogens 0.623. The equations are slightly different from the ones used 
earlier because a natural abundance of C" of 1.09 per cent was used rather than the 
1.00 per cent used by Wood (5). 
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C, similar to that arising from formaldehyde. This was evident because 
there was very little conversion of C™ from lactate-1-C™ to the 2 and 3 
positions of propionate (16), whereas formaldehyde was converted to all 
positions. However, lactate-3-C"™ did give rise to a significant amount of 
C* in all positions of the propionate (16), and on this basis formation of 
the C,; from this carbon atom appeared to be a good possibility. There- 
fore a mass analysis experiment was made to determine how much cleavage 
occurred between carbon atoms 2 and 3 of lactate during the conversion 
to propionate. The result of this experiment provided indirect informa- 
tion on the possible cleavage to a C,. 

Lactate Fragmentation—A mixture of triply labeled? and unlabeled lac- 
tate was fermented and the conditions and results of the experiment are 
given in Tables I and II. Table I gives the data from the oxidation and 
degradation of the original mixture of triply and unlabeled lactate. From 
these values the amount of triply labeled and unlabeled material in the 
original lactate was calculated as shown in Table I. The calculated values 
of 8.8 per cent triply labeled and 91.2 per cent unlabeled lactate agreed 
closely with the composition based on the known amounts used in making 
the mixture. 

After fermentation of the lactate mixture, the propionate was isolated, 
part was degraded to determine the C™ content of each position (Table J), 
and part was converted to ethylene and submitted to mass analysis. The 
results in Table I indicate that there was little dilution of C' during the 
conversion of lactate to propionate. This fact assures that the endogenous 
metabolism was not great. The dilution of the carboxyl carbon was 7.4 
per cent. This may have in part arisen by CQ, fixation since 5 per cent 
CO, was used in the gas phase. The dilution of the 2,3 positions was on 
the average 2.5 per cent. No correction has been made in the ethylene 
calculations of Table II for this endogenous dilution since it would be of 
little over-all significance. 

The corrected experimental and the calculated mass abundances for the 
ethylene are shown in Table II, together with the method for calculating 
the types of ethylene. The mass abundance values which would have 
been obtained if the lactate mixture were converted to propionate without 
cleavage between carbons 2 and 3 are shown in the fourth column of Ta- 
ble II. These values were calculated by substituting F = 0.338, D = 


2 Triply labeled lactate was used in the experiment but 2,3 doubly labeled lactate 
probably would have served as well. It appeared possible that the small amount of 
the carboxyl carbon of lactate which is converted to the 2,3-carbons of propionate 
might reach these positions via a symmetrical C; intermediate without cleavage. 
If this occurred, doubly labeled lactate-2,3-C! would give rise to doubly labeled 
propionate-1,2-C'3 and carbons 2,3 would be singly labeled but not because cleavage 
had occurred. 
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0.088, and S = 0.000 into Equations 1 and 2. The calculated value for 
30/28 agrees closely with the observed value (1.09 and 1.06), while the 
difference between the 29/28 values is about 2 per cent (6.32 compared to 
6.45). In the fifth and sixth columns of Table II are listed the calculated 
mass abundances corresponding to 10 and 25 per cent fragmentation of 
the lactate to a C,; at carbons 2 and 3. While the 29/28 value calculated 
for 10 per cent fragmentation is close to the value found experimentally, 


TABLE 
Fermentation by P. arabinosum of Mixture of Triply Labeled Lactate and Unlabeled 
Lactate; Comparison of Isotope Distribution in Initial Lactate Mixture and in 
Final Propionate 


- 


Carbon 3 Carbon 2 COOH Pim eee 
atom per cent atom per cent atom per cent atom per cent 
excess C18 excess C18 excess C8 excess C8 
Initial lactate................. 2.91 2.81 3.50 3.07 
Final propionate.............. 2.81 2.77 3.24 2.98 


Conditions: cells, 3 per cent wet weight; phosphate buffer, pH 7, 0.15 m; sodium 
lactate, 0.07 mM; total volume, 150 ml.; temperature, 30°; gas phase, 95 per cent N2-5 
per cent CO2; time, 7.5 hours. The composition of the lactate mixture was calcu- 
lated as follows: The undiluted triply labeled lactate had an average C content of 
35.1 atom per cent excess, while the diluted material contained 3.07. The mixture 
was therefore composed of 8.8 per cent of synthesized triply labeled lactate (3.07/- 
35.1 X 100), the remainder being unlabeled lactate. The mixture had an excess C' 
of 3.50 per cent in the carboxyl carbon. Accordingly the triply labeled lactate is 
calculated to have 40.0 per cent excess C"™ in the carboxyl carbon (3.50 X 35.1/3.07). 
This is in agreement with the C!* content of the cyanide used in the synthesis. The 
average value of the 2- and 3-carbons of the mixture (2.81 + 2.91/2 = 2.86) was used 
to calculate the C!* content of these positions of the triply labeled lactate (2.86 X 
35.1/3.07 = 32.7 atom per cent excess). The composition of the mixture, therefore, 

33.8 33.8 41.1 : 1.09 1.09 1.09 
was CH;—CHOH—COOH, 8.8 per cent; and CH;—CHOH—COOH, 91.2 per cent. 
The superscripts give atom per cent C'%. 


the 30/28 values differ by about 7 per cent. Calculations made for 25 per 
cent fragmentation show a difference of about 19 per cent from the ex- 
perimental for 30/28. Since the 30/28 value is the most sensitive to 
changes in composition caused by cleavage of the 2,3-carbon bond of lac- 
tate, it is concluded that fragmentation occurred to the extent of 10 per 
cent or less. This is in agreement with the results of experiments by 
Leaver et al. (16), in which lactate-3-C'™ was incorporated to the extent of 
about 4 to 9 per cent in the carboxyl carbon of propionate. 
Formaldehyde-C Fixation with Lactate As Substrate—The finding that 
a maximum of 10 per cent fragmentation could be expected from lactate 
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during a fermentation made it clear that the formation of a C,; from the 
2 ,3-carbons of lactate would be small. It was evident also that the 2,3- 
carbon bond of any doubly labeled propionate (C'%H;—C¥"H:COOH) that 
might be synthesized from formaldehyde-C* would remain intact during 
the fermentation. It therefore appeared feasible to undertake a masgg 


TABLE II 


Comparison of Mass Abundance of Ethylene from Carbons 2 and 8 of Propionate 
(Table I) and Calculated Mass Abundances Based on Fragmentation of 
Original Lactate Mizture 


All the values are expressed in per cent. 


Ethylene of propionate Calculated mass romero gle to lactate 
Masses 
None 10 per cent 25 per cent 
30/28 1.02 1.06 1.09 0.99t 0.868 
29/28 6.85 6.45 6.32 6.49f 6.82§ 


* The height of the 28 peak was 3.92 K 10% cm. 

Tt See footnote 1 in the text. 

t The calculations for 10 per cent fragmentation of the 2,3-carbons were made as 
follows: 10 per cent of the lactate cleaves to make a C, unit containing 3.95 per cent 
C} (0.0875 & 33.8 + 0.9125 & 1.09 = 3.95). This C; recombines with C2 units to make 


3.95 1.09 1.09 3.95 33.8 41.1 
C; units (C—C—COOH, 9.12 per cent and C—C—COOH, 0.88 per cent) which are 
33.8 33.8 41.1 1.09 
metabolized with the unfragmented C; units (C—C—COOH, 7.88 per cent and C— 
1.09 1.09 33.8 
C—COOH, 82.1 per cent) to propionate. The ethylene species involved are CH; = 
33.8 1.09 1.09 3.95 33.8 


CH, (7.88 per cent), CH. = CH, (82.1 per cent), CHz = CHe (0.88 per cent), and 
3.95 1.09 
CH. = CH, (9.12 percent). The superscripts give atom percent The contribu- 
tion of each species to each mass number was calculated, and then the masses totaled 
and the mass abundances were calculated. 

§ The species involved are the same as above, except that the percentages are, 
respectively, 6.6, 68.4, 2.2, and 22.8. 


analysis of the 2,3-carbons of propionate to determine whether there was 
total synthesis from formaldehyde-C" during a lactate fermentation. The 
major difficulty encountered was that a really substantial incorporation of 
formaldehyde was not obtained during lactate fermentations. If the con- 
centration of formaldehyde was increased above 0.007 m, the fermentation 
of lactate was reduced about 50 per cent. 

Tables III and IV give the results of the experiment in which formalde- 
hyde-C was fermented together with lactate-C”. It is evident from Ta- 
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ble III that most of the added lactate (14 mmoles) was fermented, yielding 
10.37 mmoles of propionate and acetate. However, only 13.4 per cent of 
the C8 of the added formaldehyde (100(3 X 7.24 + 2 X 3.13) 0.20/1.12 
X 37.3) or the equivalent of 0.15 mmole was recovered in these acids. The 
C8 was found to be equally distributed between the 2- and 3-carbon atoms 


TABLE III 
Fixation of Formaldehyde-C™ in Products of Fermentation of Lactate 


Distribution of C1 


CO: of - 
Product 
CHs CH: COOH 
nee atom per cent atom cent atom per cent tom ent 
mmoles cis 13 cw Cis 
Propionate....... 7.24 0.17 0.16 0.28 0.20 
Acetate.......... 3.13 0.20 
Formate......... 0.203 31.9 


Conditions: formaldehyde, 5.61 X 10-* m (37.3 atom per cent excess C!); sodium 
lactate-C!?, 0.07 M; potassium phosphate buffer, pH 7, 0.15 mM; cells, 5 per cent wet 
weight; gas phase, 95 per cent N2-5 per cent CO:; total volume, 200 ml.; time, 17 
hours; temperature, 30°. 


TABLE IV 
Mass Analysis of Ethylene from Carbons 2 and 3 of Propionate from Lactate 
Fermentation of Table III and Calculated Values for Doubly and Singly 
Labeled Molecules 


T. f ethyl 
Calculation, No. C¥ in “— source ypes of ethylene 
D, S, N, c—C 
per cent per cent per cent ouetil 
A 38.4 0.03 1.5 98.5 
B 6.49 1.2 4.8 94.0 


The spectrometer values (in per cent) before correction for H fragmentation! were 
30/28 = 0.020 and 29/28 = 2.58; these values after correction were 30/28 = 0.020 
and 29/28 = 2.61. The height of the 28 peak was 1.59 X 10‘ cm. 


of the propionate and the C™ concentration in these positions was about 
one-half that of the carboxyl group. This distribution is similar to that 
observed by Leaver (3). On the basis of the C™ concentration of the 
original formaldehyde, only 0.75 per cent of the carboxyl group originated 
from the formaldehyde (100 X 0.28/37.3). Formic acid occurred in sub- 
stantial amount and it was produced in large part from the formaldehyde, 
since its C' concentration was 86 per cent of the added formaldehyde. 
Table IV summarizes the mass analysis data and the calculated values 
for the doubly and singly labeled molecules of ethylene from carbons 2 
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during a fermentation made it clear that the formation of a C, from the 
2 ,3-carbons of lactate would be small. It was evident also that the 2,3- 
carbon bond of any doubly labeled propionate (C'"3H;—C#%H,COOH) that 
might be synthesized from formaldehyde-C* would remain intact during 
the fermentation. It therefore appeared feasible to undertake a mags 


TABLE II 


Comparison of Mass Abundance of Ethylene from Carbons 2 and 3 of Propionate 
(Table I) and Calculated Mass Abundances Based on Fragmentation of 
Original Lactate Mizture 


All the values are expressed in per cent. 


Ethylene of propionate Calculated mass SS wee to lactate 
Masses 
None 10 per cent 25 per cent 
30/28 1.02 1.06 1.09 0.99t 0.868 
29/28 6.85 6.45 6.32 6.49f 6.82§ 


* The height of the 28 peak was 3.92 X 103 cm. 

Tt See footnote 1 in the text. 

t The calculations for 10 per cent fragmentation of the 2,3-carbons were made as 
follows: 10 per cent of the lactate cleaves to make a C,; unit containing 3.95 per cent 
C'3 (0.0875 X 33.8 + 0.9125 &K 1.09 = 3.95). This C; recombines with C2 units to make 


3.95 1.09 1.09 3.95 33.8 41.1 
C; units (C—C—COOH, 9.12 per cent and C—-C—COOH, 0.88 per cent) which are 
33.8 33.8 41.1 1.09 
metabolized with the unfragmented C; units (C—C—COOH, 7.88 per cent and C— 
1.09 1.09 33.8 
C—COOH, 82.1 per cent) to propionate. The ethylene species involved are CH; = 
33.8 1.09 1.09 3.95 33.8 


CH, (7.88 per cent), CH, = CH, (82.1 per cent), CH, = CHe (0.88 per cent), and 
3.95 1.09 
CH, = CH, (9.12 percent). The superscripts give atom per cent C'%. The contribu- 
tion of each species to each mass number was calculated, and then the masses totaled 
and the mass abundances were calculated. 

§ The species involved are the same as above, except that the percentages are, 
respectively, 6.6, 68.4, 2.2, and 22.8. 


analysis of the 2,3-carbons of propionate to determine whether there was 
total synthesis from formaldehyde-C" during a lactate fermentation. The 
major difficulty encountered was that a really substantial incorporation of 
formaldehyde was not obtained during lactate fermentations. If the con- 
centration of formaldehyde was increased above 0.007 mM, the fermentation 
of lactate was reduced about 50 per cent. 

Tables III and IV give the results of the experiment in which formalde- 
hyde-C" was fermented together with lactate-C”. It is evident from Ta- 
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ble III that most of the added lactate (14 mmoles) was fermented, yielding 
10.37 mmoles of propionate and acetate. However, only 13.4 per cent of 
the C of the added formaldehyde (100(3 X 7.24 + 2 X 3.13) 0.20/1.12 
X 37.3) or the equivalent of 0.15 mmole was recovered in these acids. The 
C8 was found to be equally distributed between the 2- and 3-carbon atoms 


TaBLeE III 
Fization of Formaldehyde-C™ in Products of Fermentation of Lactate 


Distribution of 


C f 
Product 
CHs CH: COOH 
atom ent atom t atom t tom ent 
Propionate....... 7.24 0.17 0.16 0.28 0.20 
Acetate.......... 3.13 0.20 
Formate......... 0.203 31.9 


Conditions: formaldehyde, 5.61 X 10-3 m (37.3 atom per cent excess C*); sodium 
lactate-C!2, 0.07 M; potassium phosphate buffer, pH 7, 0.15 Mm; cells, 5 per cent wet 
weight; gas phase, 95 per cent N2-5 per cent CO:2; total volume, 200 ml.; time, 17 
hours; temperature, 30°. 


TABLE IV 


Mass Analysis of Ethylene from Carbons 2 and 3 of Propionate from Lactate 
Fermentation of Table III and Calculated Values for Doubly and Singly 


Labeled Molecules 
T f ethyl 
D, 5S, N, C—C 
per cent per cent per cent per cent 
A 38.4 0.03 1.5 98.5 
B 6.49 1.2 4.8 94.0 


The spectrometer values (in per cent) before correction for H fragmentation! were 
30/28 = 0.020 and 29/28 = 2.58; these values after correction were 30/28 = 0.020 
and 29/28 = 2.61. The height of the 28 peak was 1.59 X 10‘ cm. 


of the propionate and the C" concentration in these positions was about 
one-half that of the carboxyl group. This distribution is similar to that 
observed by Leaver (3). On the basis of the C™ concentration of the 
original formaldehyde, only 0.75 per cent of the carboxyl group originated 
from the formaldehyde (100 X 0.28/37.3). Formic acid occurred in sub- 
stantial amount and it was produced in large part from the formaldehyde, 
since its C3 concentration was 86 per cent of the added formaldehyde. 
Table IV summarizes the mass analysis data and the calculated values 
for the doubly and singly labeled molecules of ethylene from carbons 2 
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and 3 of the propionate, and indicates that only a small number of mole- 
cules were actually labeled, and also that there was little or no formation 
of doubly labeled molecules. Two calculations have been made from the 
corrected mass values of 30/28 = 0.020 and 29/28 = 2.61 by using Equa- 
tions 1 and 2. In one calculation the C™ concentration of the labeled 
source (F) was taken as 0.384 (0.373 + 0.0109) and in the other as 0.0649. 
The former value (Calculation A) is on the assumption that the formalde- 
hyde was converted to a C, and utilized in propionate synthesis without 
dilution by a C, from the unlabeled lactate. The value of 0.0649 for F 
(Calculation B) is on the basis that there was fragmentation of 10 per 
cent of the lactate which was converted to propionate and acetate (7.24 
and 3.13 mmoles, Table III) and the fragmentation gave rise to a C, in 
common with that formed from the formaldehyde-C® during its conversion 
to propionate and acetate. The per cent C™ in the C, is thus 6.49 ((0.15 
X 37.3)/(0.1 X 10.37) + 1.09 = 6.49). The assumption of 10 per cent 
fragmentation appears to involve the maximal dilution that the formalde- 
hyde-C might encounter during the conversion to propionate. In fact, 
there is some reason to believe that the formaldehyde-C" may not have 
undergone any dilution. In preliminary experiments in which formalde- 
hyde-C"™ was used, the added formaldehyde had a specific activity of 2.72 
X 10% ¢.p.m. per mmole and the recovered formaldehyde 2.85 X 10° c.p.m. 
per mmole. The residual formaldehyde from the experiment of Table 
III was lost, but in view of the high C™ concentration in the formic acid 
(31.9 per cent excess) it seems unlikely that there was much dilution of 
the C of the formaldehyde. The formic acid probably gives an indication 
of the intracellular concentration of the C™ in the C. 

There is some reason to believe that the intracellular formaldehyde par- 
tially ‘“‘equilibrates” with the extracellular formaldehyde, and if formalde- 
hyde was produced from lactate, it would have diluted the tracer in the 
residual formaldehyde. Leaver (17) fermented glycerol-1 ,3-C'™ and un- 
labeled formaldehyde with washed cells of propionic acid bacteria, and the 
fermentation was stopped before all the formaldehyde was utilized. The 
residual formaldehyde was found to have a specific activity equivalent to 
65 per cent of the terminal carbons of the glycerol. When formaldehyde- 
C' was added to the unlabeled glycerol fermentation, the C™ was fixed in 
in the products. It is evident that under these conditions formaldehyde 
which is produced within the cell exchanges with extracellular formalde- 
hyde. There may be, of course, a C; intermediate subsequent to formalde- 
hyde, which is not reversibly converted to formaldehyde. 

Even with the uncertainties with regard to F, it seems reasonably cer- 
tain from the data of Table IV that formaldehyde fixation occurred in 
only a relatively few molecules of propionate. The results of Tables II 
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and IV complement each other in that the results of Table II indicate that 
the conversion of lactate to propionate involves very little cleavage, while 
those of Table IV indicate that very little de novo synthesis of carbons 2 
or 3 occurs. Because of the small amount of propionate which is syn- 
thesized via formaldehyde, the absolute determination of the relative 
amounts of doubly labeled and singly labeled. species is subject to a large 
error. However, as nearly as can be judged from the data at hand, there 
appears to be little or no formation of doubly labeled species. 

Formaldehyde-C® Fixation with Glucose As Substrate—A much greater 
incorporation of formaldehyde-C* occurs in the products of a glucose fer- 
mentation than in lactate fermentation. The disadvantage of this fer- 
mentation is that there is no information concerning how much C, is pro- 
duced from glucose. It was not possible to determine the extent of C, 
formation by mass analysis of the propionate (in a manner similar to that 
with the mixtures of triply labeled lactate and unlabeled lactate (Table IT)) 
because uniformly intramolecularly labeled glucose with a high C™ con- 
centration was not available. There are some indications, however, that 
the amount of formaldehyde produced from glucose is low. Preliminary 
experiments with formaldehyde-C™ showed that there was little dilution 
of C4 in the residual formaldehyde during glucose fermentation. Since 
there is evidence that the intracellular formaldehyde and extracellular 
formaldehyde ‘“‘equilibrate”’ (17), it is likely that little free formaldehyde 
is formed from glucose in contrast to glycerol (17). For this reason glucose 
was purposely selected for study rather than glycerol. It is known, how- 
ever, that some formaldehyde is formed from glucose with growing cells. 
With dimedon as a trapping agent, Wood and Werkman (18) have isolated 
small amounts of formaldimedon.’ 

The results with formaldehyde-C™ and glucose fermentation are shown 
in Tables V and VI. The total propionate and acetate produced was 5.41 
mmoles from the 7.0 mmoles of added glucose (Table V). 0.302 mmole 
(3 X 4.5 & 0.52) + (2 X 0.91 X 0.56) /26.7) or 22 per cent of the added 
formaldehyde-C™ was converted to propionate and acetate. The C™ was 
equally distributed in the 3-carbons of propionate but there may have been 
considerable loss of C'* from the carboxyl group because of exchange with 
the bicarbonate which was present in substantial amount in this experi- 


‘In unpublished experiments in these laboratories, Wood and Stjernholm grew 
cells of P. arabinosum for 7 to 13 days in a yeast extract medium containing dimedon 
and 0.08 m glucose. They found from about 0.092 to 0.24 mmole of formaldehyde- 
dimedon per liter. It appears that the differences in conditions between the grow- 
ing cell experiments and those reported here allow little basis for comparison. It 
is perhaps pertinent, however, that even in these experiments only small amounts 
of formaldehyde were trapped. 
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ment. It is to be noted that only a slight dilution of C'™ occurred in the 
residual formaldehyde (26.0 compared to 26.7). 

The mass analysis data and the calculated values for the doubly and 
singly labeled molecules of ethylene are given in Table VI. Again two 


TABLE V 
Fixation of Formaldehyde-C8 into Products of Fermentation of Glucose 
Distribution of C1 
CH: CH: COOH 
mmoles ‘ace | | 
Propionate....... 4.50 0.50 0.50 0.48 0.52 
Acetate. ......... 0.91 0.56 
Residual formal- 
dehyde*........ 0.145 26.0 


Conditions: formaldehyde, 0.007 m (26.7 atom per cent excess C'*); glucose, 0.035 
M; NaHCOs, 0.07 ; cells, 5 per cent wet weight; gas phase, CO:2; total volume, 200 
ml.; time, 8.5 hours; temperature, 30°. 

* Analyzed by the method of Nash (19). The dimedon derivative was isolated 
and oxidized (9) for C8 analysis. 


TaBLE VI 
Mass Analysis of Ethylene of Carbon Atoms 2 and 3 of Propionate from Glucose 
Fermentation of Table V and Calculated Values for Doubly and Singly 
Labeled Molecules 


T f ethyl 
Calculation, No. | ©" in ae source ypes of ethylene 
per cent per cent per cent pangs 
A 27.4 0.07 3.8 96.1 
B 15.9 0.2 6.6 93.2 


The spectrometer values (in per cent) before correction for H fragmentation! 
were 30/28 = 0.029 and 29/28 = 3.23; these values after correction were 30/28 = 
0.029 and 29/28 = 3.27. The height of the 28 peak was 6.28 X 10 cm. 


separate calculations have been made, one with F = 0.274 and the other 
with F = 0.159. The former value (Calculation A) is again based on no 
dilution of the labeled source by C; from unlabeled substrate. The value 
of F = 0.159 (Calculation B) is based on the assumption that 10 per cent of 
the C; that gave rise to propionate and acetate was cleaved to a C, similar 
to that formed from the formaldehyde-C™ (0.302 & 26.4/0.10 * 5.41 + 
1.09 = 15.9). Itis seen in Table VI that most of the propionate appeared 
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to be formed without involvement of formaldehyde and was unlabeled. 
There appears to be little or no formation of doubly labeled species from 
the formaldehyde. 


DISCUSSION 


Two different types of procedures have been employed in the present 
studies with the mass spectrometer. In the first procedure an intramolecu- 
larly triply labeled substrate was fermented in combination with unla- 
beled substrate (6). This was done to determine whether or not there 
was cleavage and resynthesis of the carbon bonds during the conversion 
of the substrate to the products. If cleavage and resynthesis occurred 
together with pooling of the cleavage products, then the mass spectrum of 
the product would differ from the spectrum derived from the correspond- 
ing carbons of the substrate. This procedure was important to the pres- 
ent work because it was necessary to know whether the substrate was 
cleaved to a C; compound which was used in the synthetic reactions, and 
whether carbon atoms 2 and 3 of propionate were stable after synthesis. 
The results showed that there was very little cleavage and resynthesis at 
carbons 2 and 3 of lactate during the conversion to propionate. This sup- 
ports the hypothesis that lactate is metabolized largely by a direct. re- 
duction to propionate. Furthermore, as noted previously, the C, that is 
formed during cleavage and resynthesis of carbon 1 of propionate appar- 
ently is not similar to the C, that is formed from formaldehyde. 

The second procedure had the opposite objective, z.e. the estimation of 
the amount of carbon to carbon synthesis rather than the demonstration 
of carbon to carbon cleavage. Such synthesis may be demonstrated by 
mass analysis even under conditions in which it is not possible to show 
synthesis by the usual balance methods. In this case synthesis is dem- 
onstrated by formation of intramolecularly doubly labeled compounds 
(5,7). In spite of uncertainties concerning the exact value of the C® 
concentration of the labeled source (Ff), it seems quite certain that there 
was little doubly labeled material produced because the 30/28 value was 
very low as compared to the 29/28 value. It therefore appears that the 
formaldehyde was converted to carbons 2 and 3 of propionate by a process 
which resulted in singly labeled molecules, and that there was little or no 
total synthesis of the 2- and 3-carbons of propionate from formaldehyde 
carbon. 

The mechanism by which formaldehyde is fixed in the propionic acid 
fermentation is unknown but may involve a symmetrical C3; compound. 
Stjernholm, in unpublished work in these laboratories, has recently shown 
with P. arabinosum that the C' of L-glycerol-1-C' appears not only in 
the carboxyl carbon but also in carbons 2 and 3 of propionate. This 
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metabolism differs from that of liver in which L-glycerol-1-C" is metabo- 
lized asymmetrically (20) and is converted almost exclusively to the 3,4 
positions of the glucose unit of glycogen (21, 22). Rush et al. (23) have 
found that Aerobacter aerogenes strain 1033 likewise does not handle gly. 
cerol asymmetrically. This strain dehydrogenates glycerol to dihydroxy- 
acetone and thus forms a symmetrical C3; compound. A similar mech- 
anism may account for the randomization of the isotope of L-glycerol-1-C¥ 
by propionibacteria and also for the fixation of formaldehyde-C*. 

The suggested mechanism for formaldehyde fixation is illustrated jn 
Fig. 1. In this mechanism the C, unit from the substrate (glucose or 
lactate) combines with the C; from formaldehyde. The resultant sym- 
metrical C3; is converted to propionate and at this stage gives two types 
of propionate, 1- and 3-labeled. Since propionate is known to undergo 
randomization (6, 24), there would be formation of 2-labeled propionate 


Substrate 4+C,;* C—C—C* 
| Symmetrical 
C—C—COOH HC*HO 
C—C—C*OOH 


C—C—C*OOH _ Randomization 


C—C*—COOH via C4(?) C*—C—COOH 


C*—C—COOH 
Fig. 1. Fixation of formaldehyde and the formation of three different types of 
singly labeled propionate and unlabeled propionate. 


from 3-labeled propionate. None of the propionate molecules would be 
doubly or triply labeled. 


SUMMARY 


Formaldehyde is fixed in each position of propionate by propionic acid 
bacteria (3) during fermentation of lactate or glucose. The question of 
whether this distribution occurs through a total synthesis of propionate 
from formaldehyde has been investigated with formaldehyde-C" by the 
use of mass analysis to determine the types of molecular species of pro- 
pionate. Only carbons 2 and 3 of propionate were submitted to mass 
analysis because the carboxyl group of propionate is cleaved reversibly (6). 

The calculation of the amount of doubly (C*—C*) and singly (C*—(C) 
labeled molecules which are formed from formaldehyde-C™ requires in- 
formation on the possible dilution of the C™ by C,; which might arise 
during the accompanying fermentation of the unlabeled substrate. This 
question was investigated by fermenting a mixture of triply labeled lac- 
tate-C and unlabeled lactate. It was found that there was little differ- 
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ence between the mass spectrum calculated for carbon atoms 2 and 3 of 
the lactate mixture and that found for carbons 2 and 3 of the resulting 
propionate. ‘Thus the mass analysis demonstrated that carbons 2 and 3 
remained intact during the conversion to propionate and a C,; was not 
involved. It therefore was concluded that there was little formation of 
C, from carbons 2 and 3 of lactate. 

The calculations based on the mass spectra of propionates synthesized 
from formaldehyde-C"™ and unlabeled lactate or glucose showed that most 
of the propionate molecules were unlabeled and arose from the unlabeled 
substrate. Those molecules which did contain fixed formaldehyde-C™ ap- 
peared to be mostly, if not entirely, singly labeled. A possible mechanism 
for formation of this mixture of molecules is presented. 


The authors wish to express their thanks to Dr. Ernest Yeager of the 
Department of Chemistry, Western Reserve University, for his valuable 
advice, and for the use of the mass spectrometer. 
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THE FREE AMINO ACID POOL OF CULTURED HUMAN CELLS* 


By K. A. PIEZf anp HARRY EAGLE$ 


(From the National Institutes of Health, Public Health Service, United States 
Department of Health, Education, and Welfare, Bethesda, Maryland) 


(Received for publication, September 9, 1957) 


We have recently undertaken a number of studies (1, 2) on the amino 
acid and protein metabolism of human cell cultures. As necessary back- 
ground to these investigations, and to provide material for further study, 
we have determined the composition of the total cell protein and the 
free amino acid pool of several cell lines. Certain aspects of the relation be- 
tween intracellular and extracellular amino acids have also been examined. 


EXPERIMENTAL 


Growth of Cells—The cell lines used were strain HeLa, derived from 
uterine carcinoma (3), a variant HeLa strain which arose spontaneously 
(2), and two cultures derived from normal liver and conjunctiva (4). The 
cells were grown, adherent to glass, in a synthetic medium consisting of 
salts, vitamins, glucose, and the thirteen essential amino acids, supple- 
mented with 5 per cent dialyzed human serum as previously described (5). 

Harvesting of Cells—In growth experiments, the cells were harvested 
during the logarithmic growth phase 6 or 24 hours after the last change of 
medium. In experiments which involve deficient media, the cells were 
harvested 24 hours after being overlaid with medium which lacked one or 
more of the essential amino acids. 

Preparation of Free Amino Acid Pools—The effects of temperature, me- 
chanical disruption, and washing on the composition of the free amino 
acid pools were examined. When the cells were harvested by scraping them 
free from the glass in salt solution at room temperature before precipita- 
tion with cold trichloroacetic acid, the supernatant fluid contained up to 
30 per cent of the protein nitrogen. This rapid and extensive autolysis 
was prevented by precipitating the protein without mechanically disturb- 
ing the cell layer. The 1 liter Blake bottles in which the cells were grown 
were drained for about 5 minutes, chilled rapidly in ice, and washed quickly 
with a balanced salt solution. Cold 8 per cent trichloroacetic acid was 
then added and the cell coagulum was scraped free of the glass, the vol- 


* A portion of this work was presented at the meeting of the Federation of Ameri- 
can Societies for Experimental Biology at Chicago, April, 1957. 
t National Institute of Dental Research. 
{ National Institute of Allergy and Infectious Diseases. 
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ume of the acid being kept small by using 10 to 15 ml. and transferring 
it through several bottles. Loss of the more labile components such as 
glutamine was minimized by keeping the sample and all solutions cold 
(frozen if possible) at all times before analysis. One or two rapid washes 
of the cell layer with cold salt solution before precipitation with trichloro. 
acetic acid did not measurably decrease the pool except for a small logs 
of ammonia. Four washes resulted in about a 30 per cent loss and pro- 
longed immersion in salt completely depleted the pool. As will be seen 
later, the components of the pools as analyzed bore a definite and repro- 
ducible relationship to the medium. The evidence, taken together, leaves 
little doubt that the samples analyzed represent true pools. Some of the 
labile components may have undergone small quantitative changes, 
Whether some or all of the pool as measured may have been loosely bound 
within the cell and freed during the preparation of the sample has not 
been explored. 

The supernatant fluid from the cold acid precipitation was extracted 
repeatedly with ether in the cold, lyophilized, made up to a convenient 
volume to contain about 1 mg. of nitrogen per ml., and frozen until ana- 
lyzed. Hydrolysates of the amino acid pools were prepared by adding an 
equal volume of 12 N hydrochloric acid and heating the mixture in a sealed 
tube for 24 hours at 105°. The hydrolysates were taken to a syrup once 
on a rotary evaporator and diluted to volume. 

Cell volumes were measured in some experiments by harvesting the cells 
in a replicate group of Blake bottles by scraping the cells into cold salt 
solution instead of acid, and centrifuging the cells in a calibrated tube at 
3000 X g for 15 minutes. The cell water volume was calculated by as- 
suming the cells to have a specific gravity of 1 and subtracting the dry 
weight (13 per cent); the difference (87 per cent) was used to estimate 
the intracellular concentration of the amino acids. When the cell volume 
was not actually measured, the constant relationship between protein nitro- 
gen and cell volume (averaging 13.3 mg. of nitrogen per ml. of packed 
cells) was used to calculate the volume. 

No correction was made for the small amount of extracellular fluid 
trapped between the packed cells. In addition, the effect of cooling per se 
on cell volume has not been evaluated. Therefore, measurements of the 
amino acid concentrations of the cell pool contain an indeterminate error. 
They are, however, valid for purposes of comparison within the experi- 
ments reported, and it is unlikely that the absolute error from these sources 
is large. 

In a typical experiment each Blake bottle contained about 0.2 ml. of 
cells, and each ml. of cells yielded approximately 1.7 mg. of cold trichloro- 
acetic acid-soluble nitrogen. 
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Preparation of Protein—The precipitate from the cold acid treatment 
was washed with ethanol, ether, and extracted twice with 5 per cent tri- 
chloroacetic acid at 90° for 15 minutes. The residue of protein was hy- 
drolyzed in 6 N HCl at 121° for 18 hours. 

Ion Exchange Chromatography—The methods were modified from those 
of Moore and Stein (6) by employment of a sample containing 0.5 to 1 mg. 
of nitrogen. The separation of the neutral and acidic amino acids on a 
100 em. column of Dowex 50-X12, minus 400 mesh has been described (7). 
The basic amino acids were separated on a 30 X 0.9 em. column of Dowex 
50-X12 by the use of a combined pH and concentration gradient. An 
equal level device which consisted of two identical flasks was employed to 
produce a continuous gradient (8). The mixing chamber contained 130 
ml. of 0.1 mM citrate, pH 5.00, with 0.5 per cent BRIJ-35 detergent solu- 
tion (6). The reservoir contained an equal volume of 0.8 m citrate, pH 
6.50, without a detergent. The column was jacketed at 50° and eluted 
at 8 ml. per hour. 1.0 ml. fractions were collected and analyzed with 
ninhydrin (9). 

These two column runs separated all of the amino acids found with the 
following exceptions: asparagine and glutamine moved between and over- 
lapped threonine and serine to form one large peak, 8-alanine was super- 
imposed on phenylalanine, and ornithine and lysine overlapped. Addi- 
tional runs were required for these separations as described below. 

Ornithine and Lysine—A separate sample was analyzed on the 30 cm. 
column, jacketed at 50°, by eluting with 0.3 m citrate, pH 4.80, contain- 
ing 1 per cent of BRIJ-35 solution (6). Histidine, ethanolamine, and 
ammonia followed lysine and could also be analyzed by this procedure. 

Phenylalanine and B-Alanine—A separate sample was analyzed on the 
100 em. column, jacketed at 50°, by eluting with 0.1 m citrate, pH 5.00, 
containing 1 per cent BRIJ-35 solution and 1 per cent benzyl alcohol. 

Glutamine, Asparagine, Threonine, and Serine—Separate samples of the 
free amino acid pools, prepared as described above, were treated with as- 
paraginase and glutaminase preparations provided by Dr. L. Levintow (10) 
as follows: To 1.0 to 1.5 ml. of a free amino acid pool preparation in a 5 ml. 
volumetric flask were added 0.5 ml., pH 4.90, 0.2 mM acetate buffer, and 
0.4 ml. of glutaminase solution (5 mg. per ml., freshly prepared). The 
flask was incubated at 37° for 15 minutes and then placed in boiling water 
for2 minutes. 5 drops of 0.2 Nn NaOH, | ml. of 0.2 m tris(hydroxymethy]l)- 
aminomethane buffer, pH 8.00, and 0.4 ml. of the asparaginase prepara- 
tion were added. The flask was incubated at 37° for 1 hour and then 
placed in boiling water for 2 minutes. 1 drop of 12 N hydrochloric acid 
and water to 5 ml. were added. The coagulated protein was allowed to 
settle and 4 ml. of the supernatant fluid were analyzed for acidic and neutral 
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amino acids. Threonine and serine were then visible as separate peaks 
(dashed line, Fig. 1), and the increase in aspartic acid represented aspara- 
gine. The increase in glutamic acid gave a low value for glutamine, proba- 
bly because of glutamic decarboxylase activity present in the glutaminase 
preparation. Glutamine was measured on a separate sample by the re- 
lease of ammonia as follows: 0.5 ml. of the sample, 0.5 ml. of 0.2 m acetate 
buffer, pH 4.90, and 3 mg. of glutaminase in 1 ml. of water were placed 
in the outer ring of a Conway cell. 1 ml. of 0.05 N sulfuric acid was placed 
in the center well. After 30 minutes at room temperature, 1 ml. of satu- 
rated potassium carbonate was added to the outer ring and the cells were 
covered. After 4 hours, the contents of the center well were analyzed for 
ammonia with Nessler’s reagent. Sample and reagent blanks were in- 
cluded. 

Paper Chromatography—The correctness of the identification of the 
peaks was checked in representative experiments in which alternate frac- 
tions from the columns, or aliquots from each, were desalted as described 
by Stein (11) and chromatographed on paper according to the modifica- 
tions of Irreverre and Martin (12). Some of the original samples were 
also desalted and chromatographed on paper. 

Urea—Urea gives a very poor color yield with ninhydrin and cannot be 
measured in the effluent from the column except at high concentrations, 
It was determined on a separate sample by measuring the ammonia re- 
leased by urease (13). The sample, equivalent to about 0.5 ml. of cells 
or 2 ml. of medium, was placed in the outer ring of a Conway cell with 
1 ml. of phosphate buffer (13) containing 10 mg. of urease powder. 1 ml. 
of 0.05 Nn sulfuric acid was placed in the center well. After 1 hour at 
room temperature, 1 ml. of saturated potassium carbonate was added to 
the outer ring and the ammonia was allowed to diffuse into the acid for 
4 hours. The contents of the center well were analyzed for ammonia 
with Nessler’s reagent. Reagent and sample blanks were included. Since 
these were both high, relative to the small amount of urea found, the re- 
sults can be considered only approximate. 


Results 


Protein Hydrolysates—The amino acid composition of human cells from 
normal liver and conjunctiva and of two sublines derived from a uterine 
carcinoma (HeLa) are given in Table I. Because cystine and methionine 
are partially lost during acid hydrolysis owing to oxidation, the highest 
values, rather than the average, are given. It is apparent that the four 
cell lines do not differ significantly in their total amino acid composition, 
despite their different origins. 

Free Amino Acid Pools—A group of effluent chromatograms from a typ- 
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ical analysis of the free amino acid pool of the HeLa cell is given in Fig. 1. 
The identity and purity of each named peak were checked by desalting 
portions of each and chromatographing on paper in two different solvents 
with and without known amino acids. Most of the peaks showed small 


TABLE I 


Amino Acid Composition of Total Cell Protein of Human Cells in Tissue 
Culture Expressed As Per cent of Total N* 


3 1 1 10 
Liver Conjunctiva HeLa Variant HeLat + s.e. 

Aspartic acid......... 6.79 6.91 6.86 6.72 + 0.04 
Threonine............. 3.36 3.37 3.47 3.49 + 0.04 
3.26 3.65 3.55 3.50 + 0.04 
Glutamic acid......... 7.92 7.97 8.26 8.13 + 0.07 
4.61 4.51 4.40 4.41 + 0.18 
5.74 6.05 5.72 5.70 + 0.06 
5.81 5.90 6.05 6.10 + 0.05 
4.91 4.85 5.17 5.04 + 0.04 
Methionine............ 1.59f 1.53 1.42 1.67f 
Isoleucine............. 3.59 3.74 3.77 3.56 + 0.03 
6.44 6.00 6.39 6.63 + 0.07 
Eee 1.83 1.88 1.96 1.92 + 0.05 
Phenylalanine......... 2.63 2.52 2.66 2.71 + 0.04 
12.26 11.40 11.50 11.26 + 0.17 
EE ee 4.49 4.19 4.58 4.37 + 0.10 
Ammonia.............. 8.63 8.72 8.60 8.53 + 0.17 
15.51 16.01 14.91 15.45 + 0.11 


* Corrected to 100 per cent for comparison. The average recovery of total (Kjel- 
dahl) N was 95 per cent. 

t A morphologic variant (cf. Eagle et al. (2)). 

t Highest observed value. 


amounts of other ninhydrin-positive material, but in no case more than an 
estimated few per cent. 

The peaks labeled B and C are probably glycerophosphoethanolamine 
and phosphoethanolamine. They occupied the proper positions and dis- 
appeared after acid hydrolysis of the sample, with an approximately equiv- 
alent increase in ethanolamine. Peak A is partly the result of cloudiness 
due to salt precipitation. The small amount of color is unidentified but 
may represent phosphoserine or a similar compound. The small, unidenti- 
fied peak following leucine was not always present and disappeared after 
acid hydrolysis. 
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Glutathione (Fig. 1) was identified by combining and desalting alternate 
fractions and hydrolyzing the material, followed by analysis of the hy- 
drolysate. Approximately equal amounts of glutamic acid and glycine 
were obtained, and somewhat less cystine. Further evidence was ob- 
tained by oxidation of a part of the original sample with performic acid 
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FRACTION NUMBER 


Fig. 1. A group of effluent curves from a typical analysis of the free amino acid 
pool of the HeLacell. A 100 X 0.9 em. and a 30 X 0.9 em. column of Dowex 50-X12, 
minus 400 mesh, were employed. The 1 ml. fractions were analyzed with ninhydrin 
and read at 570 mu (@), except for proline which was read at 440 mu (A). The 
dashed line (100 cm. column) shows the effluent curve after treatment of the sample 
with asparaginase and glutaminase. The inserts show separate chromatograms 
designed to resolve the overlaps. See the text for detailed conditions and a discus- 
sion of Peaks A, B, and C. 


(14) and analysis of the product. The suspected glutathione peak dis- 
appeared completely, and a new peak appeared at the solvent front, pre- 
sumably a glutathione derivative containing cysteic acid instead of cys- 
teine. The amount of color in the new peak was closely equivalent to the 
color lost from the suspected glutathione, after correction for the proper 
color yields. The low yield of cystine after hydrolysis was undoubtedly 
the result of oxidation. When known glutathione was added back to the 
oxidized sample, the original curve was obtained. Although glutathione 
in pure solution forms a sharper peak, spreading occurs in the presence of 
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large amounts of salt. If a pool sample containing more than 1 mg. of 
nitrogen was chromatographed, other peaks in this part of the effluent 
were also broadened. 

The data for the experiment of Fig. 1 are presented in Table II. Cys- 
tine was not detected in any of the pools analyzed, perhaps because of the 
formation of a mixed disulfide with glutathione. This compound forms a 
poorly defined peak, similar to that of glutathione disulfide, which pre- 
cedes and overlaps glutamic acid. It was not found (see Fig. 1), but the 
sensitivity is poor. Tryptophan also was not detected in any of the pools. 
It would form a broad peak preceding lysine on the 30 em. column. 

In addition to the essential amino acids, the amino acid pool contained 
a number of nutritionally non-essential amino acids which were not origi- 
nally present, but were synthesized by the cell, in large part from glucose 
and glutamine. Table IT includes the values for those amino acids con- 
sistently present in amounts large enough to be identified. Trace amounts 
of others were seen on paper chromatograms, but it is doubtful that any 
were present in concentrations greater than 0.03 mm. 

Acid hydrolysis of pool samples resulted in a marked increase in the free 
amino acids. A typical example is presented in Table III. Although 
highly variable, large increases were always seen for glutamic acid, glycine, 
eystine, and ammonia. The increase in the concentration of glutamic acid 
(to 14 mM) was somewhat greater than anticipated from the original con- 
centration of glutamine (8 mM) and glutathione (4.4 mM) in the pool, but 
the difference may be within experimental error. The increase in glycine 
on hydrolysis (to 5.5 mM) is largely accounted for by glutathione (4.4 
mm). The increase in cystine (to 2.1 mm half cystine) is less than that 
calculated from glutathione, but losses of this magnitude can occur during 
hydrolysis. The rise in ammonia after hydrolysis (13 mM) was somewhat 
larger than would result from hydrolysis of glutamine (11 mM) and aspara- 
gine (0.15 mM); some ammonia may have arisen from decomposition of 
other amino acids and urea. It is evident that most of the increase in 
free amino acids after hydrolysis can be accounted for by glutathione and 
glutamine. There are only very small amounts of other amino acid con- 
Jugates. The present data do not allow an interpretation of their possible 
biological significance. They may be artifacts; however, the amino acids 
represented do not form a pattern suggestive of the cell protein, as is the 
case when extensive autolysis occurs. 

The trichloroacetic acid-soluble nitrogen averaged 10 per cent of the 
total cell nitrogen. Of this, 55 to 60 per cent was accounted for by the 
free amino acids and related compounds listed in Table II. Hydrolysis 
did result in the appearance of two new ninhydrin-reacting substances. 
One appeared in the effluent, following taurine; the other appeared after 
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TaBLeE II 
Intra- and Extracellular Concentrations of Free Amino Acids and Related Compounds el 
of HeLa Cells during Growth in Semidefined Medium ‘ 
(A) (B) A Concentration in ty 
Concgptration | Concentation | gistrbution | “CEallan A 
ratio (15))* 
Essential amino acids m 
mM mM mM 
_ 0.023 <2 0.01 
Methionine.................... 0.19 0.035 5 0.08 
Phenylalanine................. 0.52 0.069 8 0.14 
Tryptophan...................] <0O.1f (0.012)f <8 0.06 
0.29 0.119 3 0.31 
Non-essential amino acids 
Glycerophosphoethanolamine. . 1.36 <0.002f > 680 15.8 
Phosphoethanolamine.......... 0.02 <0.002f >10 1.72 
14.30 (0.002 )f 7150 17.2 A 
4.42 <0.1f >44 4.8 Ai 
Aspartic acid.................. 1.27 0.012 106 1.09 
(0.003 )t 10 0.32 
Glutamic acid................. 10.80 0.794 14 5.61 as 
0.80 <0.005T > 160 0.28 
0.081 18 2.32 ™ 
<0.002t > 250 0.24 th 
y-Aminobutyric acid........... 0.17 <0.002T >85 0.12 ay 
* Recalculated to millimolar concentration by assuming 80 per cent of the wet ac 
weight of the tissue to be water. m 
t Not detectable. The value given is the estimated lower limit of sensitivity. in 
t An estimate owing to the very small amount present. 
H 
valine. Both are unidentified. The identity of the remaining 40 to 45 di 
per cent of the acid-soluble nitrogen was not investigated. -_ 
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The free amino acid pools of the variant HeLa culture, and of the two 
culture strains derived from normal liver and conjunctiva, though not in- 
vestigated as thoroughly as the HeLa cell, did not differ in essential re- 
spects from that of the HeLa cell, as seen in Tables II and III and Fig. 1. 
Although there was a great deal of variation from one experiment to an- 
other, in all cases taurine, glutathione, glutamine, glutamic acid, and am- 
monia accounted for a large proportion of the ninhydrin-detectable nitro- 
gen. 

In the experiment reported in Table II, the cells had been overlaid with 
fresh medium 6 hours before harvesting. In other experiments the cells 


TaBLeE III 
Conjugated Amino Acids* in Free Amino Acid Pool of HeLa Cells 


Concentration in cell water 

mM 
13.18 


* Released by acid hydrolysis. The values listed are the increase over the un- 
hydrolyzed sample (Table II). Trace amounts of many of the other amino acids 
were present after hydrolysis. 


were allowed to grow for 24 hours. The intracellular concentrations of 
the essential amino acids were then generally lower, reflecting partial dis- 
appearance from the medium during the longer period. ‘The results were 
otherwise essentially the same, except that several additional peaks were 
seen. All were small and not reproducible, except for one unidentified 
peak appearing between methionine and isoleucine, which was stable to 
acid hydrolysis, and another just preceding and partially overlapping am- 
monia, which proved to be ethanolamine. Arginine could not be detected 
in the cell pools or the medium after 24 hours. 

Extracellular Amino Acids—A typical analysis of a medium in which 
HeLa cells had been growing for 6 hours is shown in Table II. The me- 
dium, collected when the cells were harvested, was analyzed in the same 
manner as the cell pool. The essential amino acids, supplied in the me- 
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dium, were concentrated by the cells 5- to 11-fold. On the other hand, cu! 
the ratios of the intracellular to extracellular concentrations of the non- th 
essential amino acids, which were not originally present in the medium, the 
varied widely but were usually much higher. The highest observed was de 
7000 for taurine. Others had distribution ratios of several hundred, for tal 
cy 
TABLE IV ore 
Free Amino Acid Pool of HeLa and Liver Cells after Incubation an 
in Media Deficient in Essential Amino Acids th 
Values expressed as millimolar concentration in cell water. ue 
HeLa Liver 
Complete Deficient Deficient Complete Deficient 
medium medium medium medium medium 
wewrine........... 9.07 7.50 3.44 9.05 1.74 m: 
Glutathione....... 6.45 1.10* 2.73 1.70 0. 23* di 
Aspartic acid. .... 1.01 2.58 1.43 1.06 2.39 : 
Glutamie “ .....) 5.57 12.17 8.55 6.56 11.90 
Proline........... 1.43 1.26 0.80 2.00 0.65 CO 
Glycine........... 3.33 8.30 4.70 3.00 6.21 ta 
6.00 | 4.56 1.66 2.36 If 
0.09f 1.95 1.15 
Methionine....... 0.38 OT 0.33 0 OF 
Isoleucine.........| 0.53 Of Of 0.31 Of we 
Leucine........... 0.36 Of Of 0.38 Of 
Tyrosine.......... 0.62 0.09F OT 0.58 3.08 ta 
Phenylalanine.... . 0.87 1.38 Of 0.74 Of hy 
8-Alanine......... 0.32 0.19 0 1.02 0 RS 
0.23 OT 0.29 0.19 0.61 
Histidine.........| 0.25 Of Of 0.19 0.62 
Ethanolamine.... . 0.08 0.12 0.15 0.12 01 
Ammonia......... 3.65 5.74 4.95 3.16 13.38 ti 
Arginine.......... 0 OF OT 0 0 ti 
* Cystine omitted from medium. " 
7 Omitted from medium. 
re 
example aspartic acid, glycine, and proline. The exceptions were orni- p 
thine and ammonia with low distribution ratios (2 to 3) and also urea, ve 
which was equally distributed. p 
Amino Acid Pools of Cells in Deficient Media—In several experiments el 
rapidly growing cells were overlaid with media deficient in one or more of T 
the essential amino acids, and the cell pools were analyzed after 24 hours. b 
Partial analyses are presented in Table IV. The amino acids which were 
omitted from the medium were also missing from the cell pool, except for ‘ 
traces in a few instances. Although other changes appear to have oc- h 
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curred, they are difficult to evaluate because they are not much larger 
than normal variation. For example, in comparing the pool analyses of 
the liver cell (Table IV) and the HeLa cell in complete (Table II) and 
deficient media (Table IV), it appears that in the absence of growth the 
taurine levels decreased, and those of glycine and alanine increased. If 
cystine was absent from the medium, the glutathione concentration de- 
creased. The significant fact is that, except for the loss of the essential 
amino acids which were omitted from the medium, these cells maintain 
their free amino acid pools with little change for 24 hours in a medium 
which did not support growth. In these experiments an energy source 
(glucose) was available. 


DISCUSSION 


There have been a number of investigations of free amino acids in mam- 
malian tissues (e.g. 15-21). In general, the agreement is close, with some 
differences characteristic of the tissue or species. Part of the data on cat 
tissues obtained by Tallan, Moore, and Stein (15)! is included in the last 
column of Table II for comparison with the present data. Cat liver was 
taken as an example though a similar pattern is evident in all the tissues. 
If one omits from discussion glycerophosphoethanolamine and phospho- 
ethanolamine, which vary widely among tissues and are especially high 
in cat liver, the free amino acids in cultured human cells are remarkably 
similar to those of the cat tissue. Taurine, glutamine, glutathione, glu- 
tamie acid, and ammonia (not included for cat liver) are the major nin- 
hydrin-reacting components; aspartic acid, glycine, and alanine are pres- 
ent in high concentrations; the essential amino acids are present at lower 
levels, particularly cystine, methionine, tryptophan, and arginine. The 
only major exceptions are the ethanolamine derivatives, already men- 
tioned, and urea. The low level of urea in cultured cells as compared with 
tissue in vivo may be explained by the large volume ratio of medium to 
cells (about 400) and the fact that urea is not concentrated. 

The ability of these cells to concentrate amino acids is similar in many 
respects to other systems, as recently reviewed (22-24). There also ap- 
pear to be some important differences. The rate of cellular growth had 
very little, if any, effect on the composition or size of the free amino acid 
pool in these cells. This is unlike several other systems in which accel- 
erated growth is accompanied by an increased free amino acid level (22). 
There are also considerable differences in the distribution ratios obtained 
by Christensen et al. (25) for Ehrlich mouse ascites tumor cells and our 


' This paper (15) also has extensive literature references and a detailed discussion 
relating to the individual amino acids. Further discussion does not appear to be 
necessary here. 
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data for the HeLa cell, in spite of the apparent similarity of the systems, 
However, it must be remembered that, although the distribution ratios 
determined for the HeLa cell appear to represent a steady state and not 
a temporary imbalance, metabolic reactions other than membrane trans- 
port may affect the pool size in these rapidly growing cultures. These 
could include synthesis, incorporation into protein, and various intercon- 
versions. For example, the low distribution ratios for cystine and arginine 
may arise from the rapid conversion of cystine to cysteine and glutathione 
and of arginine to ornithine. In many cases, however, membrane trans- 
port may be the dominant reaction. For example, since all of the basic 
amino acids (including ornithine, which is presumably synthesized inside 
the cells) and ammonia are less strongly concentrated than the other amino 
acids, it is tempting to relate this behavior to their relative basicity. How- 
ever, in view of the limited number of experiments, the present data which 
relate to amino acid transport must be considered a survey, preliminary 
to more detailed studies. 

The similarity of the amino acid pools and protein composition of cul- 
tured cells derived from a variety of tissues is of interest since it may reflect 
dedifferentiation on prolonged cultivation. However, it is pertinent to 
note that Foley and Handler (26) have recently observed a profound 
difference in biological behavior of cultured normal and malignant cells on 
implantation into a heterologous host. 


SUMMARY 


The total cell protein and the free amino acid pool of several human cell 
strains (HeLa, normal liver, and conjunctiva) have been examined by ion 
exchange chromatography with the following findings. 

1. The amino acid composition of the total cell protein was the same 
for all cell lines. 

2. The free amino acids and related compounds of the intracellular pool 
did not differ significantly among the several strains, and the general pat- 
tern was similar to that of other mammalian tissues in vivo. 

3. The major ninhydrin-reacting components were taurine, glutamine, 
glutathione, glutamic acid, and ammonia. Smaller amounts of most of 
the other expected amino acids were present. 

4. When growth was prevented by the omission of several essential amino 
acids from an otherwise complete medium, the free amino acid pool did 
not change significantly except for the loss of the missing amino acids. 

5. Analysis of the medium in which the cells had grown showed that 
the essential amino acids, supplied in the medium, were concentrated 5- 
to 11-fold, except for cystine, which could not be detected free in the cells, 
and lysine and arginine which were concentrated two or three times. 
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6. The non-essential amino acids, not supplied in the medium, in gen- 


eral had much higher distribution ratios. The exceptions were ammonia 
and ornithine which were only slightly concentrated, and urea which had 
a distribution ratio of 1. 


We are indebted to Mrs. Louise Morris, Mrs. Thelma Prather, and Mr. 


Ralph Fleischman for expert technical assistance. 
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OXIDATION OF REDUCED DIPHOSPHOPYRIDINE 
NUCLEOTIDE* 


By KARL A. SCHELLENBERGf LESLIE HELLERMAN 


(From the Department of Physiological Chemistry, The Johns Hopkins 
University, School of Medicine, Baltimore, Maryland) 


(Received for publication, August 21, 1957) 


A most significant advance in our knowledge of oxidative processes of 
biological interest, particularly at the dehydrogenase level, was embodied 
in the demonstration (1) that hydrogen is transferred reversibly in a stereo- 
specific manner from the activated substrate to the pyridinium component 
of the pyridino coenzyme in certain, perhaps most, of the processes con- 
cerned. There is a concomitant transfer of 2 electrons, and it seems pos- 
sible that there is involved here essentially a reversible hydride ion (H:”) 
transfer. Alternatively, the transfer may well involve instead a hydrogen 
atom (H-) and an electron. On the other hand, the mechanism of re- 
oxidation of DPNH?! in the over-all forward process whereby electrons 
are transferred ultimately to oxygen through the aerobic catalytic chain 
of enzymes is still the subject of much speculation and intense experi- 
mentation. It seemed to us desirable, therefore, to investigate with a 
somewhat new approach the non-enzymatic oxidation of DPNH to obtain 
additional information concerning the characteristics of such a molecule 
as an electron donor, and also if possible to obtain leads of more direct 
biochemical interest. 

There have been numerous reports of the oxidation of DPNH by various 
reagents, including ferricyanide ion (2), 2,6-dichlorophenol-indophenol 
(3), riboflavin (4), quinones (5), and phenazines (6). The behavior of 
some of these compounds has now been again investigated; in addition, 
emphasis has been given the action of spirocyclohexylporphyrexide (7), 
porphyrindine, iodosobenzoates, and, under suitable conditions, Fenton’s 
reagent. In all cases, the validity of the results was established through 
the identification of DPN by a test of capability of this product to func- 
tion normally in an enzymatic process. The results generally support the 


* This investigation was supported by research grant No. CY-392 from the Na- 
tional Cancer Institute, National Institutes of Health, United States Public Health 
Service. 

t Henry Strong Denison Scholar, 1955-57. 

1The abbreviations used are as follows: DPN or DPN?t, diphosphopyridine nu- 
cleotide; DPNH, reduced nucleotide; ADH, yeast aleohol dehydrogenase; GSH, 
reduced glutathione. New porphyrexide or spirocyclohexylporphyrexide refers to 
spiro(1-eyelohexane-4’) -2’, 5’-diimino-3’-hydroxyhydantoin. 
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conclusion that DPNH under the conditions used is oxidized to DPN more 
or less efficiently only by ions or free radical reagents of suitable oxidation- 
reduction potential that function as 1-electron acceptors (including mole- 
cules capable of forming semiquinones in solution). In contrast, DPNH 
apparently is not readily oxidized by certain reagents considered to be 
characteristic and obligate? 2-electron acceptors, e.g. 0-iodosobenzoate, 
even when the latter substances are classifiable as powerful* oxidizers (8). 


EXPERIMENTAL 


Reactions were studied spectrophotometrically in 1 cm. corex or silica 
cuvettes. For example, DPNH and an oxidant were mixed in 3 ml. of 
buffer, and the optical density was followed at 340 mu. When the oxidant 
was new porphyrexide! or ferricyanide, the decrease in the oxidant also 
was observed at the maximum, 405 or 420 mu, respectively. Absorption 
coefficients were determined as 1020 for ferricyanide at 420 my (slit width, 
0.1 mm.) at pH 4.6 and 8.0, and 1810 for new porphyrexide at 405 mu, pH 
4.6. Buffer media used were acetate 0.02 mM, pH 4.6, phosphate 0.03 m, 
pH 7.0 and 7.5, pyrophosphate 0.005 mM, pH 8, and, when Fenton’s reagent 
was used, KH2PO, alone 0.05 mM, final pH 5. After an interaction had 
progressed to “equilibrium” or to an appreciable extent, there were added 
0.3 mmole of glycine, pH 10, 0.005 mmole of GSH, and 2 mmoles of etha- 
nol. The absorbance at 340 my then was determined before and after 
the addition of 0.03 mg. of crystallized yeast ADH. In all cases rate and 
extent of the reactions were determined by application of Beer’s law. For 
each test suitable controls, used for comparison, were prepared serially 
so that a single different ingredient was omitted in each. The assays of 
DPN were checked by the appropriate addition of known quantities of 
DPN to the controls. Anaerobic studies were conducted in a silica cuvette 
fitted by a ground glass joint to a special attachment, constituting a mod- 
ified Thunberg tube (9). The apparatus had been subjected to twelve 
cycles of evacuation and flushing with nitrogen that had been passed 
through Fieser’s solution (10) and lead acetate. The reaction was started 
when the apparatus was tipped and immediately shaken. 

Reagents—DPNH (Sigma reduced cozymase 90) was assayed with ADH 
and found to contain less than 1 per cent DPN. New porphyrexide, H.0,, 
and o-, m-, and p-iodosobenzoate were assayed iodometrically. Crystal- 
lized yeast ADH was prepared in this laboratory or was a commercial 


2 “Obligate’’ is used in the sense that they constitute rather specifically a group 
of 2-electron acceptors that function under well defined conditions in practically 
irreversible processes and have not by the usual criteria displayed the property of 
forming intermediates that act as l-electron acceptors. 

3 For example, the iodosobenzoates function in aqueous solutions at pH 7 or below 
as electron acceptors capable of oxidizing halide ions (Br-, I-) to the free halogens. 
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product (Worthington) containing 30 mg. per ml., diluted 1:100 with 
0.01 M phosphate, pH 7, to which had been added GSH to 0.02m. The 
resulting dilute solution retained activity during several weeks at 2°. Other 
reagents were commercial specimens of suitable purity. 


Results 


In Fig. 1 is depicted the reaction of DPNH and new porphyrexide! (7). 
Reduction by DPNH of this electron acceptor, used in initial excess, was 
determined at 405 muy; the residual oxidant then was reduced by the addi- 
tion of GSH, followed by assay of the DPN formed. 

Calculattion—A O.D. (corrected to 3.0 ml.) = 0.253. New porphyrexide 
reduced = (0.253 X 3.0)/1810 = 4.2 KX 10-*mmole. Ratio, new porphy- 
rexide reduced, to initial DPNH (2.05 X 10-*) = 2.05. DPN formed = 
1.81 X 10-4 mmole (enzymatic assay); yield, DPN formed, 88 per cent. 

The stoichiometry of the process, which remains the same when reaction 
is conducted at pH 8 in pyrophosphate buffer, is as follows: 


Hz He O 
C—C N—C==NH 
2 H2C C + DPNH + Ht — 
C—C C—NH 
He 
NH 
OH 
| 
C—C N—C=NH 
2 H2C C + DPNt 
C—NH 
NH 


Porphyrindine (11) also reacted “instantaneously” with formation of 
DPN, but the instability of this biradical precluded quantitative studies. 

Other Acceptors—The reaction of DPNH and ferricyanide ion (Fig. 2) 
was followed for several hours, after which DPN was assayed as before. 
Decrease in ferricyanide was followed at 420 mu. Here at pH 7, and also 
in similar experiments at pH 4.6, approximately 2 moles of ferricyanide 
were reduced per mole of DPNH oxidized, indicating a simple specific 
oxidation of DPNH to DPN. Inclusion of GSH, cysteine, Mn**, Co**, 
or Cu’” initially at 8 X 10-® m did not affect the initial rate of oxidation. 
Air oxidation in the presence of methylene blue as mediator is shown in 


| 
| 


550 OXIDATION OF DPNH 


Fig. 3; in 100 minutes 83 per cent of DPNH initially present was converted 
to DPN. Fig. 4 illustrates the process in the presence of 2 ,6-dichloro- 
phenol-indophenol and Fig. 5, oxidation by riboflavin. 


b----0;, 
> 1405 mp 
Boar 
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Fig. 1. Oxidation of DPNH by spirocyclohexylporphyrexide. The porphyrexide, 
initially 8.5 X 10-4 mmole in 2.9 ml. of acetate, pH 4.6, temperature 25°. At 1, 
DPNH 2.05 & 10-4 mmole in 0.1 ml. added. At 2, GSH, ethanol, and glycine were 
added in volume of 0.5 ml. (See the text.) At 3, 0.1 ml. of 1:100 ADH added. (0), 
O.D. 405 my, dashed line; (@), O.D. 340 my, solid line. 
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Fig. 2. Oxidation by ferricyanide. DPNH, 2.05 & 10-4 mmole, and potassium 
ferricyanide 4.56 X 10°‘ mmole initially present in 3.0 ml. of phosphate, pH 7.0, 
temperature 25°. At 1, GSH, ethanol, and glycine added in 0.5 ml. (See the text.) 
At 2, 0.1 ml. of ADH added. Ferricyanide reduced, calculated from change in 
absorbance at 420 my, 1.85 XK 10-4 mmole; DPN produced, 8.7 XK 10-5 mmole. 

Fic. 3. Oxidation in presence of methylene blue. DPNH, 2.05 & 107-* mmole in 
2.7 ml. of phosphate, pH 7.0, temperature 25°. At 1, methylene blue 2.8 x 107 
mmole in 0.3 ml. added. At 2, GSH, ethanol, and glycine in 0.5 ml. added. At 3, 
ADH, 0.1 ml. added. DPN produced, 1.7 X 10-4 mmole. 
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Oxidation by Fenton’s Reagent—Preliminary experiments with DPNH 
and Fenton’s reagent (H.O, and ferrous ion) indicated the formation of an 
intermediate capable of reducing triphenyltetrazolium chloride. Accord- 
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Fig. 4. Oxidation in presence of 2,6-dichlorophenol-indophenol. DPNH, 2.4 X 
10-‘ mmole and 2,6-dichlorophenol-indophenol 2.4 &X 10-4 mmole in 2.95 ml. of phos- 
phate, pH 7.5; temperature 37°. At Arrow 1, GSH 0.001 mmole and ADH in 0.6 ml. 
added. At Arrow 2, ethanol 2 mmoles in 0.1 ml. added. 
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Fig. 5. Oxidation by riboflavin. DPNH, 2.4 X 10-4 mmole, riboflavin, 2.4 * 10-4 
mmole in 2.8 ml. of pyrophosphate, pH 8.0; temperature 37°. At arrow, GSH, 0.001 
mmole, ethanol, 2 mmoles, and ADH in 0.8 ml. added. DPNH oxidized, 7.2 K 1075 
mmole. DPN produced, 6.0 X 10-5 mmole. 

Fig. 6. Oxidation by Fenton’s reagent. DDPNH 2.76 X 10-4 mmole in 2.3 ml. of 
0.0025 m KH.PO,; temperature 25°. At Arrow 1, FeSO,, 2.0 X 10-4 mmole added in 
0.1ml. At Arrow 2, H.O., 3 & 10-4 mmole added in 0.3 ml. At Arrow 3, GSH, 
ethanol, and glycine added in 0.5 ml. (see the text). At Arrow 4, ADH added in 0.1 
ml. DPNH decrease, 2.0 X 10-4 mmole. DPN formed, 1.2 XK 10-4 mmole. 
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ingly, DPNH might be included among the substances (12, 13) that are 
oxidized in a chain mechanism involving free radicals by the Fenton re- 
agent. Thus DPNH, FeSQ,, NaF, triphenyltetrazolium chloride, and 
acidified H,O2, when mixed, produced a red substance (formazan), while 
controls with DPN in place of DPNH were negative. Fig. 6 illustrates 
the formation of DPN by Fenton’s reagent. For the present purpose, 
KH.PO, was substituted for the H.SO, usually employed with the reagent. 
The use of KH,PO, at approximately pH 4.5 to 5 is entirely convenient. 
Acetate could not be used inasmuch as this may act as a “‘chain breaker” 
(14), and indeed trials with acetate as buffer produced less DPN. As 
may be seen from Fig. 6, legend, there was a decrease of 0.6 mole of DPNH 
per mole of H2O2 added, of which 60 per cent was converted to DPN. Ina 
few experiments the quantities of reagents were varied (Table I). The 


TABLE [| 
DPNH and Fenton’s Reagent 


Experimental conditions as in Fig. 6, except for the quantities given below. Tem- 
perature, 25°. 


DPNH H:0 FeSO. DPN produced _| Ratio, Wa 

mmole mmole mmole mmole per cent 
2.76 X 10-4 3.0 X 10-4 2.0 X 10-4 1.2 X 10-4 40 
2.52 X 10 2.4 X 1074 5.9 X 1075 8.7 10-5 36 
2.52 X 10-4 2.4 X 10-4 2.4 1075 5.9 1075 24 
2.76 X 10-4 3.0 107-5 2.0 10-5 1.2 X 10-5 40 


DPN yield was roughly proportional to the initial concentration of H,O, 
and decreased with lowered Fe** concentration. Side reactions doubtless 
were present. The results were entirely similar in anaerobic and aerobic 
experiments. The catalyzed reduction of the tetrazolium ion (see above) 
might have indicated a chain reaction type approaching a 1 to 1 ratio for 
DPN to H.O:, but the ratio was observed consistently to be less than 0.5. 


A chain reaction sequence might be illustrated schematically as follows. 


+ Fett — -OH + + Fettt 


-OH + DPNH — + 
DPN: + Fet** DPN?t + Fet* 


+ DPNH — (OH-) + + DPNt 


(1) 
(2) 
(3) 
(4) 


If the process were not of the chain type, the following might be sub- 


stituted for Reaction 3 


+ -OH — DPNt + (OH-) 


(5) 
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Chain-breaking and interfering reactions here could be numerous and need 
not be reviewed. 

In summary, the speed of reaction is reminiscent of reaction with new 
porphyrexide, and probably the mechanism is comparable in so far as two 
successive 1-electron transfers from DPNH are involved. 


TABLE II 
Initial Rate of DPNH Decrease 


DPNH and electron acceptor in initial concentrations, approximately 1.6 « 10-4 
m; temperature 37°. For experimental conditions, see the text. 


Electron acceptor pH Rate* pH Rate* 


ide. ..| 4.6 Practically in- 8.0 | Practically instan- 
stantaneous taneous 
Porphyrindine.............| 4.6 Practically in- 8.0 | Practically instan- 
stantaneous taneous 
Fenton’s reagent...........| 4.5-5.0 | Rapid 
Ferricyanide ionf.. ret (0.40) 8.0 | 0.40 
Methylene bluef.. ...| 4.6 6.0 8.0 | 3.0 
2,6- Dichlorophenol 
phenol ff. . 14.5 7.5 1.1 
Riboflavin. . .| 4.6 3.5 8.0 | 0.51 
(ipentancous decomposi- 
0- Iodosobenzoate§ .. 4.6 Nil 8.0; 


Triphenyltetrasolium i ion 
(uneatalyzed)§...........| 4.6 8.0; 

(uncatalyzed)§.......| 4.6 8.0 

5-Nitro-2-furaldehyde 


* Millimoles min.~! ml.-! X 10-8. 

t Cf. (2-4), respectively. 

t Catalyzed air oxidation. 

§ See the text. 

|| Examples of enzymatic reduction of nitro compounds are given in Taylor eé al. 
(15) and Harris (9). 


Initial Rates—The initial rates of oxidation of DPNH by the various 
acceptors are given in Table II. Methylene blue, 2,6-dichlorophenol- 
indophenol, and riboflavin all react faster in the acid range. The rate of 
oxidation by ferricyanide is constant with varying pH values and is com- 
parable with the rate for dyes operating in neutral or alkaline solutions, 
but not at pH 4.6. The greater rate for dyes at pH 4.6 might be related 
to the formation of a reactive intermediate or semiquinone in the spontan- 
eous acid decomposition of DPNH. ‘The constant rate with ferricyanide 
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might denote a difference in mechanism independent of such intermediate 
formation. 

Non-Functioning Oxidizing Agents—Among the substances that were 
observed not to oxidize DPNH to DPN are included o-iodosobenzoate at 
pH 4.5 or 8, m- and p-iodosobenzoate at pH 8, triphenyltetrazolium chlo- 
ride in the absence of the Fenton reagent, nitrofurazone (5-nitro-2-furalde- 
hyde semicarbazone), and H2Os, either alone or with catalase. The use 
of HO. in the assay of DPNH (16) in biological materials would appear 
to depend upon the presence of peroxidase. 


DISCUSSION 


The remarkably rapid oxidation of DPNH to DPN by the free radical 
spirocyclohexylporphyrexide and the biradical porphyrindine, as well as by 
Fenton’s reagent, and in addition the less rapid but still significant rates 
with certain other l-electron acceptors, contrasted with the non-reactivity 
of DPNH with agents such as certain nitro compounds and the powerful 
oxidizer o-iodosobenzoate, would point to 1-electron transference as a 
requirement for DPNH oxidation under the conditions described in this 
investigation. It would appear that characteristic 1-electron acceptors 
such as ferricyanide ion, the free radical reagents, and presumably the 
semiquinones derivable from certain dyes as well as riboflavin function 
more or less efficiently in the oxidation of DPNH, and that certain other 
types of oxidizers do not. It seems probable then that the oxidation of 
DPNH under these conditions might involve the sequence, DPNH 7— 
DPN- — DPN”. If so, the rate of its oxidation would be somewhat pro- 
portional to the concentration or activity of the particular molecular 
species of the oxidant capable of removing the electron. The effective 
species would vary from 100 per cent in the case of the porphyrexide toa 
few per cent or less in the less potent acceptors. Ferricyanide may pre- 
sent a special case. With reference to the results with the porphyrexide 
analogue obtained in this work, it seems remarkable and significant that 
this powerful 1-equivalent acceptor derived from a system witha potential, 
E,', of 0.7 volt at pH 7, converts DPNH to DPN almost quantitatively 
without extensive side reactions. 

In contrast to the functioning acceptors, it seems clear that for all prac- 
tical purposes 0-iodosobenzoate, hydrogen peroxide in the absence of metal 
ion, and the nitro compounds are 2-electron acceptors.? The argument 
is not contradicted by the demonstrated capability of iodosobenzoate to 
oxidize iodide ion to iodine and also thiol anions, RS~, to disulfides (8), 
even at pH 7. In these instances, in contrast to DPNH, there is no “‘pas- 
sive resistance”’ or inertia with respect to electron exchange since the elec- 
trons to be transferred from these anions are “exposed” and immediately 
available and thus the required 2 electrons are rapidly, almost simultan- 
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eously, transferred to the acceptor, iodide being oxidized to diatomic iodine 
and the residual odd molecules (radicals) from RS~ undergoing dimeriza- 
tion to disulfide. 

The role of the metal cation, Cu**, in promoting oxidation of ascorbic 
acid (8) by o-iodosobenzoate in an otherwise unfavorable pH range, and 
of Fe** in respect to the oxidation of dialuric acid (17), is related more 
to the activation of the respective electron donor molecules through specific 
complexing of these compounds than to a significant action for iodo- 
sobenzoate. 

It is conceivable that the results and substance of this work may have 
an important bearing in relation to the functioning in the cell of the aerobic 
catalytic chain, specifically with respect to the passage of electrons from 
DPNH. It is well recognized, of course, that a rather elaborate inter- 
mediate catalysis is involved in “bridging the gap” from DPNH to cyto- 
chrome c. It is frequently assumed that the immediate acceptor is a 
linking flavoenzyme; 1.e., a DPNH-cytochrome c reductase. There is an 
impression that the flavoenzyme accepts 2 electrons from DPNH but, 
through assumption of a semiquinone configuration, donates in sequence 
single electrons. It seems desirable now to propose in the sense of this 
investigation that the specificity of such a linking flavoenzyme, possibly 
as the semiquinone, may indeed extend to the activation of DPNH, to 
convert this by withdrawal of an electron (or H-) to DPN.-, the interme- 
diate semiquinonic radical. This first step‘ would be somewhat rate- 
limiting in‘comparison with the subsequent rapid loss to flavoenzyme of 
the 2nd electron with regeneration of DPN*. 


SUMMARY 


Reduced diphosphopyridine nucleotide (DPNH) is oxidized almost in- 
stantaneously to DPN in 88 per cent yield by the radical, spirocyclohexyl- 
porphyrexide, a potent 1-electron acceptor. It is likewise oxidized rapidly 
by porphyrindine, which may be formulated as a biradical (7), by Fenton’s 
reagent, and less rapidly by various other reagents capable also of func- 
tioning as 1-electron acceptors. On the other hand, DPNH is not oxidized 


‘The non-functioning electron acceptors (iodosobenzoate, H2Oz2, etc.), in contrast 
to functioning 1l-electron acceptors, apparently cannot readily initiate this first step. 
However, the reduction of thiobenzophenone by DPNH in 60 per cent alcohol (and 
by a coenzyme ‘‘model”, 1-benzyl dihydronicotinamide), observed by Abeles, 
Hutton, and Westheimer (18), has the over-all characteristics of a 2-eleetron oxida- 
tion-reduction process and might appear to conflict with the generality of this postu- 
late. Of interest in this connection are observations in Dr. Westheimer'’s laboratory 
of the oxidation of 1-benzy] dihydronicotinamide by the free radical, diphenylpicry] 
hydrazyl, and also the direct transfer of hydrogen from the dihydro compound to 
malachite green (19). 

° For a discussion of older suggestions from spectrophotometry regarding two-step 
reduction of DPN*, see Leach (20). 
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under the conditions described in this investigation by a special group of 
obligate 2-electron acceptors which include the powerful oxidizer, 0-iodoso- 
benzoate, hydrogen peroxide (without Fe**), triphenyltetrazolium ion (un- 
catalyzed), and certain nitro compounds. 

The results generally support the conclusion that DPNH under the 
conditions used is oxidized to DPN more or less efficiently only by free 
radical reagents and other molecules of suitable oxidation-reduction poten- 
tial capable of functioning as 1-electron acceptors. It is considered that 
the non-enzymatic oxidations of DPNH described here might involve the 
sequence, DPNH — DPN- — DPN?t._ It has been proposed also in the 
sense of this investigation that the specificity of the reduced coenzyme- 
cytochrome c reductases, possibly as semiquinones, might extend to the 
initial activation of the reduced coenzyme, to convert this by withdrawal 
of an electron to the intermediate and readily oxidizable semiquinonic 
radical. The initiation of this first step apparently cannot be effectively 
accomplished by the non-functioning acceptors in contrast to the observa- 
tions with the functioning 1-electron acceptors used in these non-enzymatic 
studies. 
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PYRUVATE UTILIZATION IN HEART SARCOSOMES. 
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Studies of pyruvate metabolism in normal mammalian tissues and neo- 
plastic cells have been of continuing interest in this laboratory particularly 
in connection with certain metabolic interferences (2). Little progress 


has been made in the field of the mammalian pyruvic oxidase system since 


the description (3) of a preparation obtained from pig heart. On the 
other hand, several distinctly different systems for pyruvate oxidation 
have been described as isolated from bacterial sources (4). Since much 
of the pyruvate seems to be metabolized in the particulate parts of the 
mammalian cell, it appeared desirable to investigate pyruvate utilization 
in isolated mitochondria which had been freed by suitable fractionations 
from the cytoplasmic proteins. To this end heart tissue promised to 
provide an especially suitable system inasmuch as it is associated with a 
highly active oxidative metabolism, and the occurrence here of various 
complicating processes is less significant than in the liver or kidney. The 
literature dealing with pyruvate oxidation in rat heart mitochondria indi- 
cates that these mitochondria (sarcosomes) prepared under various con- 
ditions can metabolize pyruvate (5), forming carbon dioxide when the 
pyruvate is free from an inhibitor (6, 7), and can accomplish also oxidative 
phosphorylation (8). Likewise, guinea pig heart sarcosomes have been 
observed to metabolize pyruvate, yielding some citrate (9). 

In this investigation we attempted to terminate the oxidation of pyruvate 
at the citrate level with the use of either fluoroacetate or transaconitate, 
two well established inhibitors of citrate oxidation in certain tissues, to 
permit observation of the pyruvate utilization simultaneously by substrate 
disappearance and citrate formation. As these investigations progressed, 
it was revealed that it was not necessary in this instance to use such in- 


* This investigation was supported by research grant No. CY-392 from the Na- 
tional Cancer Institute, National Institutes of Health, United States Public Health 
Service. A preliminary report was presented before the American Society of Biolog- 
ical Chemists at Chicago, April, 1957 (1). 
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hibitors since citrate accumulates in their absence with rat heart mito- 
chondria prepared in a sucrose-EDTA! medium. 

This paper deals with some precision with the requirements for pyruvate 
oxidation in these sarcosomes and provides new data on the stoichiometry 
of pyruvate utilization on the path of citrate formation and respiratory 
CO, under specified conditions. The behavior of a number of character- 
istic inhibitors of oxidative processes is examined. Particular attention 
is accorded the outstanding sensitivity of the system to an arsenoso com- 
pound, y-(p-arsenosopheny]l) butyrate, which promises to be of considerable 
utility in this field. The action of a-(+)-lipoie acid (thioctic acid), in its 
oxidized as well as in its reduced form (6,8-dimercaptooctanoic acid), to 
overcome the rather specific inhibitory effect of the arsenoso reagent is 
probably the most interesting new development in this study. 


Methods 


Reagents—The reagents included adenine nucleotides (Pabst Labora- 
tories), cytochrome c (Sigma), GSH (Schwarz Laboratories, Inc.), and 
BAL (Aldrich Chemical Company). EDTA was obtained as the free 
acid and neutralized to pH 7.4 with KOH.2. Malic and fumaric acids were 
purified by appropriate crystallization; pyruvic acid was twice distilled 
in a vacuum and neutralized at 0° with KOH with avoidance of any local 
excess (10). p-Chloromercuribenzoic acid had been prepared and purified 
in these laboratories by Dr. W. T. Caraway and was used as a standard 
solution of the potassium salt (11). <A solution of y-(p-arsenosophenyl)- 
butyrate (potassium salt) was prepared from the free acid kindly donated 
by Dr. G. O. Doak, Dr. H. G. Steinman, and Dr. Harry Eagle. Nitro- 
furazone, 5-nitro-2-furaldehyde semicarbazone, was kindly donated by 
the Eaton Laboratories Division, the Norwich Pharmacal Company, and 
chloramphenicol by Parke, Davis and Company. We are greatly in- 
debted also to Dr. Karl Folkers and associates and the Medical Division 
of Merck and Company, Inc., for thiamine pyrophosphate and for samples 
of a-(+)- and a-(—)-lipoic acid that had been synthesized and resolved 
in the Merck Laboratories, and to Dr. Lester J. Reed for a sample of his 
synthetic dl-lipoic acid and reduced lipoic acid. 

Analytical Methods—Pyruvate was determined by a modification of the 
Friedemann-Haugen method (12). The content of 2,4-dinitrophenyl- 
hydrazones of keto acids other than pyruvic acid was investigated in several 
experimental runs by paper chromatography (13) and was found to be less 


1 The abbreviations used are EDTA, ethylenediaminetetraacetate; GSH, reduced 
glutathione; BAL, 2,3-dimercaptopropanol; Tris, tris(hydroxymethyl)aminometh- 
ane; AMP-5’, adenosine 5’-phosphate; DPN and TPN, di- and triphosphopyridine 
nucleotide. 

? High concentrations of Nat were found to be slightly inhibitory. 
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than 15 per cent. Citrate was determined by the method of Saffran and 
Denstedt (14), the optical density being read at 425 my, the absorption 
maximum. Simultaneous citrate determinations were obtained by the 
method of Natelson et al. (15) and the values from both methods were 
found to agree well. For the determination of isotope concentration the 
citrate was isolated as the quinidine salt (16). As an additional derivative 
the calcium salt was prepared as follows. From the ether extract of the 
incubation mixture prepared by the same procedure as was used in the 
isolation of the quinidine salt, the ether was evaporated; the residue (8 mg. 
of citric acid) was dissolved in 1 ml. of water and neutralized with an excess 
of CaCO3. The excess CaCO; was removed by centrifugation and the 
clear supernatant fluid was heated at 117° for 1 hour in a sealed tube in 
an autoclave. The precipitate was washed with hot water, methanol, 
and ether, placed into the counting planchets, and dried for 1 hour at 80° 
inavacuum. Analysis for citrate indicated that the calcium salt contained 
64.6 per cent citrate; calculated value for calcium citrate-4H.O, 66.3 per 
cent (17). Upon examination by paper chromatography, the citrie acid 
recovered from the calcium salt was found to give one major radioactive 
spot in the 4.N formic acid-butanol solvent system of Lugg and Overell 
(18) with an Rp of 36.8, coinciding with the citrate control spot. C™ was 
determined in infinitely thin samples in a gas flow counter. Protein con- 
centrations were determined by a modification of the biuret method, 
standardized by means of the Kjeldahl procedure. 

Isolation of Rat Heart Mitochondria—The method of Hogeboom, Schnei- 
der, and Palade (19) for liver mitochondria was modified as follows. 
Rat hearts excised immediately after decapitation were placed in 0.9 per 
cent NaCl solution kept in an ice bath. The ventricles were then freed 
from connective and adipose tissue, cut into small pieces with scissors, 
and washed several times with the homogenizing medium which consisted 
of 0.25 m sucrose, 0.001 M potassium salt of EDTA, pH 7.4, 0.004 m Tris, 
pH 7.9, and 0.0012 m GSH (final pH, 7.2). The pieces were then blotted 
with filter paper and wet weights were determined (5 to 10 gm. of tissue). 

The ventricles were ground at 0° in a Teflon pestle homogenizer of 55 — 
ml. capacity (with pestle ground to provide loose fit) in 2 volumes of 
homogenizing medium until a “homogeneous” mixture was obtained (90 
to 120 seconds). 2 volumes more of the same medium now were added; 
the mixture was homogenized briefly and the resulting suspension was 
centrifuged at 250 * g for 10 minutes at 0°. The supernatant liquid was 
decanted and saved; the precipitate was again homogenized in 4 volumes 
of medium as previously. 

After centrifugation of this suspension as before, the supernatant fluids 
were pooled and spun at 8500 X g for 8 minutes in the multispeed attach- 
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ment of the International refrigerated centrifuge, which was kept at 1° 
With the aid of the Teflon pestle the resulting precipitate was well dispersed 
in 1 to 2 ml. of a solution containing 0.25 M sucrose and 0.001 M potassium 
EDTA at pH 7.4. This suspension was diluted with 3 volumes of the 
sucrose-EDTA solution for each volume of original wet heart tissue. After 
another high speed centrifugation, the particles were suspended in 10 ml. 
of sucrose-EDTA and centrifuged at 700 X g for 5 minutes in order to 
remove all red cells. A 0.2 ml. aliquot was set aside for the biuret estima- 
tion and the remainder diluted with 2 volumes of sucrose-EDTA solution 
and centrifuged at high speed as before. After a third washing and centri- 
fugation, the particles were suspended in distilled water (1 ml. per 4.0 
mg. of N) and after 10 minutes at 1° an equal volume of 0.50 M sucrose, 
0.002 m potassium EDTA, and 0.006 mM potassium phosphate at pH 6.8 
was added; the final pH was 7.0. In this way the protein concentration 
of the final mitochondrial suspension was adjusted to the equivalent of 
1.5 mg. of N per ml., inasmuch as it had been found that about 30 per cent 
protein loss occurred between the first and final washings. 

The yield of particles was 1.4 mg. of N per gm. of wet weight of heart 
tissue, which represents a 40 per cent yield on the basis of the calculations 
of Cleland and Slater (20). The rate of keto acid disappearance for these 
preparations is 16.2 to 19.6 umoles per mg. of N per hour. Full activity can 
be observed for 72 hours when the final suspension is stored at 0°. Freez- 
ing destroys all activity. 

Incubation Procedure—The incubation medium consisted of 20 yumoles 
of Tris buffer, pH 8.0, 5 umoles of potassium phosphate, pH 7.5, 10 umoles 
of MgClo, 5 umoles of potassium fumarate, pH 7.4, 5 umoles of potassium 
pyruvate, pH 6.8, 1 umole of AMP-5’, 0.015 umole of cytochrome c, and 
0.1 ml. of particle suspension, all made to 1.3 ml. with 1.15 per cent KCl. 
Incubation was carried out in a Dubnoff shaker in air at 34° for 90 minutes. 
For inhibition studies vessels were kept at 0° until all components had been 
added. When prevention of an inhibition was studied, inhibitor was 
added after 10 minutes of incubation, while for reversal studies inhibitor 
was added at zero time and the test compound was added 10 minutes later. 

For manometric experiments the quantity of all incubation constituents 
was doubled and the final volume adjusted to 3.0 ml. The gas phase was 
100 per cent oxygen. The respiration rate of these preparations was 
constant for 2 hours or more. Oxygen uptake and CO, evolution were 
obtained by the ‘direct method” (21). 


RESULTS AND DISCUSSION 


Stoichiometry of Pyruvate Utilization—In the presence of fumarate or 
malate, heart mitochondria metabolize pyruvate and form citrate as one 
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of the major products. The stoichiometry of this process is shown in 
Table I. For every mole of pyruvate oxidized approximately 1 mole of 
oxygen is taken up and CO, in excess of 1 mole is produced. If 1 mole 
of CO is produced per mole of pyruvate converted to citrate, then the dif- 
ference between the quantity of CO, and of the citrate produced should be 
indicative of the fate of the pyruvate carbon which is disappearing and 
not accumulating as citrate. If we assume that the pyruvate carbon not 
accumulating as citrate is oxidized completely to CO2 and water, then 
one-third of the difference between the CO, evolved and the accumulated 


phase, oxygen. 


TABLE I 
Stoichiometry of Pyruvate Utilization by Heart Mitochondria 
Incubation mixture as outlined in the experimental section; temperature 37°; gas 


pumoles pmoles pmoles pmoles pmoles pmoles 
l 4.9 3.0 5.1 7.5 1.9 1.5 
2 4.7 2.6 5.5 6.9 2.1 1.4 
3 3.2 2.1 2.4 6.7 1.1 sun 
4 3.0 2.2 2.7 5.5 0.8 1.0 
TABLE II 


Recovery of Radioactive Carbon after Incubation of Heart Mitochondria with 
Pyruvate-2-C™ (Specific Activity, 28,660 C.p.m. per pmole) 


C.p.m. per ymole 


Citrate (as quinidine or Cat* salt). ...... 31,110 
CO, from reaction mixture............. 975 


citrate should be equal to the pyruvate not accounted for as citrate. This 
indeed is indicated by the experimental data as revealed in the last two 
columns of Table I. Additional evidence for the metabolism of citrate 
was obtained upon incubation of the mitochondria with pyruvate-2-C 
(22). Here the respiratory CO, was found to contain considerable isotope 
(Table II). Furthermore, the fact that the citrate produced from this 
pyruvate has a higher specific activity than the initial pyruvate would 
indicate that more than 1 carbon atom of the citrate is derived from the 
a-carbon atom of pyruvate. This would be expected if some citric acid 
were being oxidized via the Krebs tricarboxylic acid cycle, and thus fur- 
nished radioactive oxalacetate as an acceptor in the condensation step. 
For every mole of pyruvate utilized 0.55 to 0.75 mole of citrate is formed 


1° 

sed 

um 

he 

ter 

to 

a- 

on 

ri- 

8 

of 

it 

t 

s 


062 PYRUVATE IN HEART SARCOSOMES 


(Table I). In addition to its determination by two independent colori- 
metric methods, citrate was identified as the product by incubation of 
mitochondria with pyruvate-2-C", followed by isolation of the quinidine 
and calcium citrate salts (Table II). The specific activity of the jso- 
lated citrate is slightly higher than that of the starting product, indicating 
that this citrate must contain more than 1 carbon atom derived from the 
pyruvate; this established pyruvate as the precursor of the citrate. These 
data indicate generally that much of the pyruvate oxidized by the mito- 
chondria accumulates as citrate while the remaining pyruvate is oxidized 
completely to CO, and H.O. Our observation that much citrate accumu- 
lates during pyruvate oxidation is in general agreement with the report 
by Plaut and Plaut (9), who observed measurable citrate formation from 
acetate and malate by guinea pig heart mitochondria prepared in sucrose, 
but is not in accord with the findings of Montgomery and Webb (7), who 
observed little citrate accumulation and concluded, in the light of mano- 
metric experiments with rat heart mitochondria prepared in KCl, that 
pyruvate is oxidized completely to CO,. In particulate systems from 
other tissues such as the liver, citrate was also found to accumulate during 
pyruvate oxidation (23, 24). The inability of these heart mitochondria 
to oxidize pyruvate to CO, and water extensively under the conditions 
used appears to be reflected by their inability to metabolize citrate at an 
appreciable rate (9, 25, 26). Most of the TPN-linked isocitric dehydro- 
genase of heart appears to be confined to the cytoplasmic part of the cell 
and in any event very little apparent activity remains in the isolated par- 
ticle (9). We could observe no difference in respect to citrate accumula- 
tion in singly washed or triply washed preparations and suspect therefore 
(27) that the citrate-metabolizing enzymes are not leached out of the 
particle during the washing process. Addition of TPN or DPN to the 
incubation mixture does not decrease citrate accumulation, but there is 
some evidence (9) that the loss of another cofactor from the isolated par- 
ticle may be responsible for this decreased citrate metabolism. It was 
conceivable also that the presence of an inhibitory substance in the pyru- 
vate might have been responsible for the citrate formation. Such a situa- 
tion has been reported in a-ketoglutarate formation (6). However, three 
different highly purified pyruvate preparations, as well as some commercial 
preparations of sodium pyruvate, gave identical results. 

Requirements for Pyruvate Oxidation—From the results of the data out- 
lined in Table III, it is evident that both pyruvate and fumarate or malate 
are required for the oxidation of pyruvate and accumulation of citrate. 
In contrast to the observations with guinea pig sarcosomes (9), indicating 
the formation of a small amount of citrate in the absence of pyruvate from 
malate or fumarate, alone, no such result was obtained in our experiments. 
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In the absence of fumarate only traces of pyruvate disappeared and there 
was no QO. uptake. The absolute requirement for magnesium ions in such 
a system, and the requirement for AMP-5’ and phosphate, have been 
reported also by other investigators. In this system maximal stimulation 
by phosphate is reached at 5 wmoles and of AMP-5’ at 1 umole per 1.3 
ml. In some preparations adenosine di- or triphosphate apparently can 
substitute fully for AMP-5’. Cytochrome c was found to be stimulatory 
in some preparations. Similar cofactor requirements already have been 
reported in several instances for pyruvate oxidation (7, 9, 28). Our ob- 
servation that in some trials full activity was obtained with AMP-5’ alone 
without the addition of inorganic phosphate may be explicable on the as- 
sumption that these particles can hydrolyze AMP-5’ to form phosphate, 
as indeed has been observed by us. No changes in either pyruvate dis- 


TABLE III 
Requirements for Pyruvate Utilization and Citrate Formation 
For the details of incubation, see the experimental section. 


System a-Keto acid utilized Citrate produced 
pmoles pmoles 
AMP-5’ and inorganic phosphate omitted. . 1.5 1.3 


appearance or citrate appearance were observed on the addition of DPN, 
TPN, coenzyme A, nicotinamide, or thiamine pyrophosphate. 

An examination of the effect of the pH of the medium on the rate of 
oxidation of pyruvate and formation of citrate showed that the optimal 
range was pH 7.6 to 8.0. Above pH 8.4 all activity ceased. 

Inhibitors—F luoroacetate has no effect on the accumulation of citrate 
from pyruvate at moderate concentrations (Table IV), in contrast to ob- 
servations in whole homogenates (29, 30). In guinea pig heart mito- 
chondria Plaut and Plaut (9) observed a slight increase in the amount of 
citrate accumulating from acetate and malate. These differences may be 
a reflection of the efficiency of activation of fluoroacetate, which varies 
greatly from tissue to tissue (31). Malonate in 0.01 m concentration does 
not inhibit the conversion of pyruvate to citrate. 2,4-Dinitrophenol in 
moderate concentration does not affect the oxidation of pyruvate, in agree- 
ment with observations of Barkulis and Lehninger on liver mitochondria 
(32). Certain other nitro compounds such as nitrofurazone, which has 
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been reported by Paul et al. (33) to be a potent inhibitor, particularly under | 
anaerobiosis, of pyruvic oxidase of testis and brain, and chloramphenicol | 
do not affect the pyruvic oxidase system of rat heart sarcosomes operating : 
aerobically. Antimycin, an effective inhibitor of the electron transport | 


system (34, 35), also prevents the oxidation of pyruvate here. 


Calcium ions at 10-* and 3 X 10‘ inhibit pyruvate decrease 76 and | 
61 per cent, and citrate formation 100 and 45 per cent, respectively. This | 


occurs in the presence in the medium of 7.7 X 10-5 m EDTA (see “‘Isola- 


tion of rat heart mitochondria”). Since the addition of excess EDTA | 


can prevent the calcium ion inhibition in this system, the requirement 


TABLE IV 
Effect of Various Compounds 
Per cent inhibition 
Compound Concentration 
Pyruvate decrease Citrate formation 
M 
Fluoroacetate..................... 5 X 107? 51 100 
Malonate. 1 10°? 0 0 
2,4-Dinitrophenol 5 X 10-5 0 0 
Nitrofurazone. . 1 10-5 0 0 
Chloramphenicol. . 1 X 10-4 0 0 
Antimycin A, 4+ per me. |. 100 100 


* EDTA concentration in medium, 7.7 X 10-5 M 


of EDTA during homogenation probably results from the necessity for 
suppression of calcium in this system. Slater and Cleland (36) found 
that oxidation of succinate and a-ketoglutarate in rat heart mitochondria 
is sensitive to calcium, and also employed EDTA during the preparation 
of the particles. He postulated the necessity of binding the calcium of 
the cytoplasm to prevent an otherwise rapid concentration of this ion by 
the mitochondria. 

p-Chloromercuribenzoate at 5 X 10-5 M, under the conditions employed, 
inhibits this system (Table V). GSH can prevent the inhibition by the 
mercuribenzoate, but cannot reverse it (Table V). Arsenite is not as 
effective an inhibitor as mercuribenzoate. Experimental reversal of ar- 
senite inhibition by BAL (37, 38) was not possible in this system, inasmuch 
as BAL itself was found to be inhibitory to this system when added in 
concentrations usually suited to reversal of arsenite inhibitions. 

Action of y-(p-Arsenosophenyl) butyrate; Reversal by Lipoic Acid—A very 


effe 
Thi 
18 
res 
| 
Bs 
| @ 
At 
B 
G 

h 


O. K. REISS AND L. HELLERMAN 565 


effective inhibitor was found in y-(p-arsenosophenyl)butyrate (39, 40). 


This agent is found to be inhibitory at 5 X 10-¢ M, although there initially 


is present in the enzyme reaction medium sulfhydryl, 9 X 10-' mM, and EDTA, 


7.7 X 10-° mM? Furthermore, in contrast to its protective action with 
respect to p-chloromercuribenzoate, GSH does not protect the oxidase 


TABLE V 
Effect of Metallic Reagents and Thiols 
Per cent inhibition* 
Compounds Concentration 
Keto acid Citrate 
decrease formation 
M 
p-Chloromercuribenzoate................ 1 X 10-5 19 30 
5 X 10-5 100 100 
GSH, 1 X mM + p- 
zoatet . 5 1075 8 19 
5 1075 66 57 
1 X 10-4 83 100 
1 X 10-4 42 34 
5 X 10-8 100 100 
1 10-6 42 60 
GSH, 1X 10-3 mM + y- arsenosopheny!)- 
butyrate. . 5 X 10-8 100 100 


* Per cent ‘fabibities = (micromoles citrate (control) — micromoles citrate (in- 
hibited))/micromoles citrate (control) 100. 

t Order of addition, GSH at zero time; inhibitor 10 minutes later. (Initial —SH 
inenzyme preparation 9 KX 107-5 mM; EDTA, 7.7 X 10-5 M.) 


against y-(p-arsenosophenyl) butyrate (Table V). This is indicative of a 
somewhat different mode of action for the two inhibitors.4 Thus, if a-(+)- 


3In certain instances, EDTA has been observed to reverse an inhibition by mer- 
curibenzoate; for example, see Harris and Hellerman (40). It may be assumed, how- 
ever, that reversal with EDTA is not realized when there is specific combination of 
an arsenoso compound with a disulfhydryl compound to give a heterocyclic ringed 
product (see below). 

‘In contrast to the formation of a mercaptide linkage with a mercurial of the type, 
R-Hg-X, e.g., p-chloromercuribenzoate, thioarsenite formation involving only one 
thiol grouping, may be considered to be almost spontaneously reversible; for an 
illustration 
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lipoic acid (41, 42) should be present and active in this “mammalian” 
pyruvic oxidase, then y-(p-arsenosophenyl)butyrate might be expected 


to form a heterocyclic derivative of the thioarsenite type with the disulf. } 
hydryl form of the coenzyme. Such a specific combination of a trimethyl. } 


ene or dimethylene disulfhydryl configuration with 7-(p-arsenosopheny)). 
butyrate could account for a significantly greater sensitivity to the arsenogo 


compound in comparison with p-chloromercuribenzoate which forms only 


TABLE VI 


Reactivation after Total Inhibition by y-(p-Arsenosophenyl)butyrate, 5 X 10-6 y 


Order of addition, y-(p-arsenosopheny]) butyrate added at zero time; reactivation 
after 10 minutes incubation. 


Per cent reactivation* 
Compound Concentration 
Keto acid Citrate 
decrease formation 
M 

5 X 10-4 30 24 
dl-Lipoic acid (dithiol form)............. 1 X 10-4 75 87 
5 X 107-5 67 73 
1x 10-5 37 27 
a-(+)-Lipoie acid (disulfide form)... . .. | 5 10-4 49 52 


* Per cent reactivation = micromoles citrate formed (after reactivation) /micro- 
moles citrate formed (control) * 100. 


single mercaptides.4 Consistent with this is our observation that the action 
of p-chloromercuribenzoate may readily be prevented by GSH while in- 
hibition by y-(p-arsenosopheny]) butyrate is not. The lesser sensitivity 
of this system to arsenite which is assumed also to form thioarsenites 
probably is related to the relative stabilities of the derivatives concerned 
(43). 

In the event then of participation by the lipoic acid system, it would 
be anticipated that the reduced (disulfhydryl) lipoate, unlike BAL, should 
be completely non-inhibitory in this pyruvate oxidase system and indeed 
function extremely effectively in reversal of the inhibition by an arsenoso 
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compound such as y-(p-arsenosophenyl)butyrate. In confirmation, the 
data of Table VI establish that the reduced form of lipoic acid can effect 
almost complete reversal of the inhibition. In this action, its superiority 
over BAL is manifest. ven the use of the oxidized or trimethylene di- 
sulfide form of a-(+)-lipoic acid results in reversal, an observation that 
suggests several possibilities. Thus, the disulfide might be reduced in 
this system and the reductant then act to free potentially active, bound 
lipoate by removal of the arsenoso component in a rather non-specific 
way, comparable to a presumed action of BAL in certain other systems. 
However, added lipoic acid might itself act as cofactor, replacing the bound, 
inactivated lipoate. 

The inhibition of the pyruvic oxidase by y-(p-arsenosophenyl) butyrate 
and the release of this interference by a-(+)-lipoic acid is by no means 
conclusive evidence of a metabolic function of lipoic acid concerned with 
the oxidation of pyruvate in this system. The total evidence presented 
here, however, is suggestive generally of such a role, comparable to an 
essential role of the lipoic acid system in certain bacterial cells. We are 
investigating the possible specificity here of the dextrorotatory (a-(+)-) 
isomer of lipoie acid. 

It may be added that these experiments demonstrate again that the 
inhibitor technique, even when the inhibitor molecules are rather large, 
occasionally can be applied to more or less intact cellular particles for the 
examination of certain functional enzyme systems and their cofactors. 
Heart mitochondria, certainly after treatment with water, have appeared 
to be quite permeable to molecules employed in these studies. 


SUMMARY 


Rat heart mitochondria (sarcosomes), isolated in 0.25 M sucrose-ethylene- 
diaminetetraacetate, were observed to metabolize pyruvate with the con- 
comitant accumulation of 0.55 to 0.75 molecular equivalent of citrate. 
Evidence is presented which indicates that the pyruvate is oxidized in 
part to COs, probably by the way of the Krebs tricarboxylic acid cycle. 
A reasonable representation of the stoichiometry of the process has been 
offered. 

Observation of the action of several metabolic inhibitors revealed that 
fluoroacetate here has no effect on citrate accumulation, while antimycin 
A as well as calcium ion significantly inhibits the oxidation of pyruvate. 
There was observed a highly effective inhibition of pyruvate metabolism 
by an arsenoso compound, y-(p-arsenosophenyl) butyrate. This, in contrast 
to the inhibition effected by p-chloromercuribenzoate, could not be pre- 
vented by reduced glutathione. This pointed to a specific effect of the 
ursenoso compound. Quantitative reversal of the arsenoso inhibition by 
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reduced lipoate was achieved, in comparison with a lesser degree of rever- 
sal by 2,3-dimercaptopropanol, which itself is inhibitory. Moreover, 
reversal was effected also by the oxidized form of a-(++)-lipoic acid. These 
observations are taken as at least partial evidence for a functional role of 
lipoic acid in pyruvate metabolism in rat heart mitochondria. 
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YEAST ALCOHOL DEHYDROGENASE 
IV. COENZYME BINDING SITES* 


By JAN van EYS,t MARGARET M. CIOTTI,$ ann NATHAN O. KAPLAN{Y 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, July 1, 1957) 


In previous reports (2, 3) we have postulated that DPN! is bound through 
the pyridinium ion, the pyrophosphate grouping, and the adenine amino 
group to yeast ADH. In this postulation the pyridinium ion and the 
amino group were linked to sulfhydryl groups on the enzyme; the pyro- 
phosphate grouping was suggested to be bound to a zine radical (2). Evi- 
dence was also presented which indicated that the active center of yeast 
ADH involved unreactive sulfhydryl groupings (3). 

The only binding point which was extensively investigated in previous 
reports was the binding site of the pyridinium grouping. Experimental 
evidence was also obtained, indicating that DPN and DPNH were bound 
quantitatively and qualitatively differently at the pyrophosphate and 
pyridinium ion sites (2) and that the regeneration of the enzyme-DPN 
complex is accomplished by a direct competition between DPN and DPNH 
for the active site on the enzyme. 

In this communication evidence will be presented for the binding of the 
adenine amino group to a sulfhydryl grouping and of the pyrophosphate 


* Contribution No. 213 of the McCollum-Pratt Institute. Supported in part by 
grants from the American Cancer Society and the National Cancer Institute of the 
National Institutes of Health (grant No. 2374(C)). 

Paper III in this series has appeared (1). 

t Present address, Department of Biochemistry, Vanderbilt University School 
of Medicine, Nashville, Tennessee. 

t Present address, Graduate Department of Biochemistry, Brandeis University, 
Waltham, Massachusetts. 

! Abbreviations used in this paper are as follows: ADH, alcohol dehydrogenase; 
DPN and DPNH, oxidized and reduced diphosphopyridine nucleotide, respec- 
tively; acetylpyridine-DPN, pyridinealdehyde-DPN, 8-picoline-DPN, pyridine- 
DPN, ethyl nicotinate-DPN, and nicotinic acid-DPN, the analogues of DPN, where 
the nicotinamide moiety is replaced by 3-acetylpyridine, pyridine-3-aldehyde, 3- 
methvlpyridine, pyridine, ethyl nicotinate, and nicotinie acid, respectively; 
(NR)oPP, dinicotinamide riboside 5’-pyrophosphate; NRPPR, nicotinamide ribo- 
side diphosphate-(5)-ribose; AMP, adenosine 5’-phosphate; ADP, IDP, GDP, CDP, 
and UDP, adenosine, inosine, guanosine, cytidine, and uridine diphosphates, re- 
spectively; ATP and ITP, adenosine and inosine triphosphates, respectively; ADPR, 
adenosine diphosphate ribose; and Tris, tris(hydroxymethyl)aminomethane. 
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grouping to zinc. Additional evidence for the dissimilarity in binding of 
DPN and DPNH will be presented. 


Materials and Methods 


A commercial preparation? of twice recrystallized yeast ADH was used 
in this study. | 

The coenzyme analogues of DPN were prepared from DPN and the 
appropriate pyridine base in the presence of pig brain DPNase as described 
for the isonicotinic acid hydrazide (4, 5) and 3-acetylpyridine (4, 6) ana- 
logues of DPN. The deaminated (hypoxanthine) analogues of DPN 
were prepared from the appropriate pyridine nucleotide as described for 
deamino-DPN (4, 7). The nicotinic acid analogue of DPN was prepared 
from ethyl nicotinate-DPN.* The a isomer of DPN was isolated from 
commercial DPN by the method of Kaplan et al. (4, 8). 

DPN, acetylpyridine-DPN, and pyridinealdehyde-DPN were reduced 
enzymatically by the method of Pullman et al. (7). All other analogues 
were reduced chemically with sodium hydrosulfite (9). No difference in 
rates between chemically and enzymatically reduced DPN could be ob- 
served with yeast ADH. 

ADP, IDP, GDP, CDP, and UDP were obtained from the Pabst Labora- 
tories. Adenosine, AMP, ATP, and ITP were purchased from the Sigma 
Chemical Company. ADPR was prepared from DPN by treatment with 
Neurospora DPNase (10). NRPPR was obtained from (NR)2PP with 
Neurospora DPNase (11). The (NR)2PP was obtained from DPN by 
using the trifluoroacetic anhydride method (11). 

The reaction rates were followed in a Beckman DU spectrophotometer 
at the appropriate absorption maximum for the reduced coenzyme. These 
are as follows: for acetylpyridine-DPNH, 365 mu (6); for pyridinealdehyde- 
DPNH, 355 muy (12); for a-DPNH, 350 muy (8); for B-DPNH, 340 mg; 
for reduced (NR)2PP, 340 mu; and for ethyl nicotinate- and nicotinic 
acid-DPNH, 330 mu. The reduced spectra of the deaminated analogues 
give the same absorption maxima as do the parent nucleotides. The 
reaction was usually started with the enzyme. The reaction mixtures 
are given with the individual experiments. 

For calculating the concentration of reduced coenzyme analogues, the 
following millimolar extinction coefficients were employed: for DPNH, 
6.24  10* (13); for acetylpyridine-DPNH, 7.8 (6); and for pyri- 
dinealdehyde-DPNH, 7.0 10° (12). 


2 Worthington Biochemical Corporation. 
3M. Lamborg, F. Kk. Stolzenbach, and N. O. Kaplan, J. Biol. Chem., in press. 
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Results 


Effect of Pyrophosphate on Rate of DPN Reduction—Pyrophosphate is a 
superior buffer for yeast ADH. The rate of DPN reduction in pyrophos- 
phate is about 3 times that of the rate observed in Tris buffer. The mag- 
nitude of the stimulation by pyrophosphate is, however, dependent on 
the coenzyme used. lor example, the rate of deamino-DPN is stimulated 
to a far greater extent than is the rate of DPN reduction. This striking 
effect is illustrated in Fig. 1. Relative rates of other analogues of DPN 
appear also different, when tested in pyrophosphate buffer, as compared 
to the rates in Tris buffer. Pyridinealdehyde-DPN is reduced at about 


8 
DPN (PYROPHOSPHATE) 
DEAMINO- 
6F DPN (PYROPHOSPHATE) 
t *— DPN (TRIS) 
4 
J 


DEAMINO-DPN (TRIS) 
| 2 a 4 je 6 
TIME IN MINUTES 
Fic. 1. The effect of pyrophosphate on the rate of reaction. Tris or pyrophos- 
phate buffer, pH 10.0, 0.1 m; DPN or deamino-DPN,1.9 XK 10°‘ mM; ethanol, 0.5 m; 
yeast ADH, 47; in a final volume of 3.0 ml. The reaction was started with enzyme. 


7 per cent of the rate of DPN in Tris buffer (1, 12), while the rate increases 
to about 12 per cent of DPN when the nucleotides are compared in pyro- 
phosphate buffer. 

Effect of Nucleoside Polyphosphates on Rate of DPN Reduction—The 
stimulation of the rate of DPN reduction by pyrophosphate has also been 
found with nucleoside polyphosphates. Nucleotides like ADP can serve 
as potent activators of DPN reduction (Fig. 2, A). This stimulatory 
effect of nucleoside polyphosphates is exhibited to a greater or lesser ex- 
tent by ADP, IDP, GDP, CDP, UDP, ATP, and ITP. In Fig. 2, B is 
compared the effect obtained with three of these nucleotides. The activa- 
tion is not limited to the above mentioned nucleotides: ADPR is nearly 
as effective as is ADP; activation is also seen with NRPPR. On the 
other hand, AMP has little or no stimulatory effect. 
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If the concentration of the activating polyphosphate is increased, the 
degree of activation goes through a maximum (Tig. 2, A), and eventually 
inhibition results. This is entirely analogous to the effect of certain pyri- 
dine derivatives (7.e. nicotinic acid) which also can act as either activators 


or inhibitors of DPN reduction (2). 

Effect of o-Phenanthroline on DPN Reduction—Vallee et al. (14-17) 
have shown that o-phenanthroline is a competitive inhibitor for DPN 
and DPNH on yeast ADH. We have verified this inhibition; however, 
at relatively high concentrations of DPN and low concentrations of 0-phe- 
nanthroline (5 K 10-6 m), the chelating agent does not inhibit the rate of 


A 
.250F 
.200 
050 
ip 
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ADP MOLARITY x!0> TIME IN MINUTES 


Fic. 2. A, the effect of increasing concentrations of ADP on the rate of reaction 
of yeast ADH. DPN, 1.4 X 10-‘M, Tris buffer, 0.05 M, pH 9.3; ethanol, 0.56 m; ADH, 
4 y; in a final volume of 3.0 ml. B, a comparison among ADP, ATP, and IDP as 
activators of yeast ADH. DPN, 1.4 ADP, ATP, or IDP, 7.5 K M; 
ethanol, 0.5 M; in Tris buffer, 0.05 m, pH 9.3; ADH, 0.8 y; in a final volume of 3.0 ml. 


DPN reduction, but actually activates the enzymatic rate (Fig. 3).4 This 
is an effect, therefore, very similar to that of the polyphosphates. 

Effect of Pyrophosphates on Rate of DPNH Oxidation—While ADP can 
act as a potent activator of DPN reduction, it will inhibit the oxidation 
of DPNH. This is analogous to the effect observed with pyridine deriva- 
tives on the forward and backward reactions of ADH (2). The inhibitory 
activity of ADP is largely, though not completely, the result of the pyro- 
phosphate grouping. ADP is a far stronger inhibitor of DPNH oxidation 
than either adenosine or 5’-AMP (Table I). 


4 Activation by o-phenanthroline has been observed by other investigators (18). 
It was attributed to the chelating of heavy metal contamination in the reaction 
mixture. The concentrations employed in this paper are far below those reported 
by Redetzki and Nowinski (18). We are in agreement that levels of 2.6 X 10 
mM have very little effect on DPN reduction. 


pre 

Al 

3 

la 
kK 
pe 

A 

X 

{ 

| 

t 

| t 


J. VAN EYS, M. M. CIOTTI, AND N. O. KAPLAN 575 


Effect of Removal of Adenine Amino Group of DPN—It has been shown 
previously that deamino-DPN is less effective as a coenzyme for yeast 
ADH than is DPN (7). This difference between the adenine and hypo- 


1.000F 4 
CONTROL 
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TIME IN MINUTES 
Fic. 3. The effect of low concentrations of o-phenanthroline. DPN, 3.0 & 10-4 
u; o-phenanthroline, 5 X 10-® mM; ethanol, 0.5 M; in Tris buffer, 0.05 Mm, pH 9.3; ADH, 
10 y; in a final volume of 3.0 ml. 


TABLE I 
- Inhibition of DPNH Oxidation by Adenosine Derivatives 
The inhibitory action is expressed as the apparent A, for the compounds, calcu- 
lated from a Lineweaver-Burk plot (19) of the data, according to the equation 1/v = 
Kn/Vmax + (1 + I/Ky7) + 1/S + 1/Vmax. The word apparent is used, since the com- 
pounds are not competitive inhibitors in the classical sense of the meaning. 


Compound tested Apparent Ay 
mole per I. 


xanthine derivatives of pyridine nucleotides holds also true for the acetyl- 
pyridine and pyridinealdehyde analogues of DPN. Table II illustrates 
that in all cases the deaminated coenzyme reacts slower than does the 
parent nucleotide. It is of interest that the ratio of activity between the 
adenine and hypoxanthine forms of the coenzymes is not the same for the 
three pyridine derivatives. 

The removal of the adenine amino group from DPN not only decreases 
the interaction between the enzyme and coenzyme, but similar differences 
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are observed when ADP and IDP are compared as activators for the DPN 
reduction (Fig. 2, B). ATP is also a better activator of this reaction than 
is ITP. Under the coenzyme and substrate conditions as described in 
Fig. 2, B,3 XK 10-*m ATP activates 35 per cent and ITP only 7 per cent. 
Furthermore, while adenosine has a slight, but detectable, inhibitory 
action on DPNH oxidation, inosine has none. 

Instability of Yeast ADH in Presence of Deamino-DPN—Yeast ADH 
has been found to be unstable in the presence of deamino-DPN. The 
enzyme, when preincubated with deamino-DPN before assaying, loses 
much more activity than when preincubated with DPN (Fig. 4). The 
inactivation cannot be relieved by the addition of DPN, ethanol, or further 
quantities of deamino-DPN and appears to be a true loss of enzymatic 


TABLE II 


Comparison of Reaction Rates between DPN and Its 
Analogues with Their Deaminated Derivatives 


The reaction mixture contained 0.1 m sodium pyrophosphate, pH 10.0; ethanol, 
0.5 M; and analogue, 1.5 X 10-* M; in a final volume of 3.0 ml. The rates are ex- 
pressed as micromoles of coenzyme reduced per minute, calculated from the initial 
20 seconds of the reaction rates. 


Ratio, 
Analogue ____deaminated 
Adenine Hypoxanthine adenine nucleotide 
nucleotides nucleotides 
Acetylpyridine-DPN ............... 0.039 0.005 0.13 
Pyridinealdehyde-DPN............. 0.031 0.020 0.64 


activity. The inactivation can be partially prevented by simultaneous 
incubation of DPN. It thus appears that the inactivation is due to an 
interaction between deamino-DPN and the enzyme at the active site. 

The decrease in enzymatic activity, induced by deamino-DPN, can be 
prevented by including glutathione in the preincubation mixture (Table 
III, Experiment 1). In the absence of oxygen there is also little loss of 
enzymatic activity. In this experiment (Table III, Experiment 2) the 
decrease in activity of the deamino-DPN was less than that usually encoun- 
tered. It is possible that the large loss of enzyme, which occurred during 
the evacuation, resulted in an inactive protein, which was still capable of 
protecting the remainder of the native ADH. The difference between the 
samples in the presence and absence of oxygen, however, was highly sig- 
nificant. 

The destruction of the enzyme in the presence of deamino-DPN is 
strongly pH-dependent. At pH 9.3 less than 5 per cent of the enzyme 
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100 


50 


PERCENT ORIGINAL ACTIVITY 
REMAINING 


5 10 
TIME PREINCUBATION 
(MINUTES) 


Fic. 4. The effect of preincubation of yeast ADH in the presence of deamino- 
DPN. The enzyme (25 7) was incubated at room temperature for the times indi- 
cated in 0.1 Mm phosphate buffer, pH 7.4. Coenzyme concentration, 7.5 & 10~* mM; in 
a final volume of 3.0 ml. At the time indicated, the remaining enzyme was assayed 
by adding 0.1 ml. of ethanol, 0.2 mM, in hydrazine. 


TaBLe III 
Inactivation of Yeast Alcohol Dehydrogenase in Presence of Deamino-DPN 

Experiment 1—The preincubation mixture consisted of deamino-DPN or DPN, 
7.5 xX 10°-'m; ADH, 125 y, in phosphate buffer, 0.1 mM, pH 7.4; in a final volume of 3.0 
ml. When glutathione was added, a concentration of 10-* mM was used. At the end 
of the preincubation, 0.1 ml. of ethanol, 0.2 M in hydrazine, was added, and the rate 
was determined by the increase in optical density at 340 my. The remaining activ- 
ity Was expressed as per cent of the rate in identical samples which were non-pre- 
incubated. 

Experiment 2—-The components were identical, except that 500 y of enzyme were 
used. The enzyme was added to the side arm of anaerobic Beckman cuvettes, and 
the zero time reading was obtained after evacuation. Since the evacuation resulted 
in a severe denaturation of the enzyme, the amount of native ADH was much less 
than the amount originally added. Hence the two experiments are not absolutely 
comparable, owing to the uncertainty of the presence of the inactive ADH in the 
latter experiment. 


Activity remaining after 5 min. 


Experiment No. Additions preincubation 

| 

| per cent 

1 | None 98.0 

| DPN 100.1 

| Deamino-DPN 

+ glutathione 96.1 

2 anaerobically 109.0 

aerobically 60.0 


|| 
a 
DPN 
DPN 
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is lost in a time that results in complete inactivation at pH 7.5. Thus 
the reaction is probably quite analogous to the hydrogen ion inactivation 


TABLE IV 
Rate of Reaction of Coenzyme Analogues with Yeast Alcohol Dehydrogenase 


In all cases the coenzyme concentration was 1.5 K 10°-+m. The rates of analogue 
reduction were measured in 0.05 m Tris buffer, pH 9.3, containing 0.5 m ethanol, in 
a final volume of 3.0 ml. The rates of oxidation of reduced analogues were meas- 
ured in 0.05 mM phosphate buffer, pH 7.5, containing 0.07 mM acetaldehyde, in a final 
volume of 3.0 ml. Sufficient enzyme was added to give a change in optical density 
of 0.025 during the 15 and 30 second intervals after starting the reaction with en- 
zyme. The effectiveness of the analogues is expressed as the reciprocal of the 
amount of enzyme needed to give such a rate. This measurement ignores differ- 
ences in extinction coefficients, which might exist among the analogues in the re- 
duced state. However, with some analogues the extinction coefficient is not known; 
hence, the selected method of expression. 


Analogue effectiveness 
Analogue 
Oxidized analogue Reduced analogue 
X 100 100 
8.3 8.3 
Pyridinealdehyde-DPN ......................... 1.3 1.5 
Deaminopyridinealdehyde-DPN ................ 0.7 t 
Deaminoacetylpyridine-DPN ................... 2.8 0.3 
Ethyl nicotinate-DPN 0 1.6 


*Compound not tested. 

t+ Chemical reduction yields a compound in which both nicotinamide moieties 
are reduced. However, enzymatic reduction reduces only one of the nicotinamide 
moieties. 

t Difficulties were encountered with the use of this reduced analogue. The de- 
aminopyridinealdehyde-DPNH is oxidized at an appreciable rate, but the enzyme 
undergoes extremely rapid denaturation. Therefore, amounts of enzyme had to 
be used which were out of proportion to the apparent effectiveness. 

§ This analogue cannot be reduced chemically. 


and supports the previous postulation (3) in that the deaminated nucleo- 
tide could break the zinc-sulfide linkage, but fail to protect the sulfhydryl 
grouping which interacts with the adenine amino group. The inactivation 
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of the enzyme is not peculiar to deamino-DPN, since deaminoacetyl- 
pyridine-DPN shows a similar behavior. 

DPN has been found to protect yeast ADH against acid denaturation 
(3). It is of interest in this connection that, at concentrations at which 
DPN exerts a protecting effect of 50 per cent, deamino-DPN is completely 
ineffective in protecting the enzyme. 

Qualitative Dissimilarity between Oxidized and Reduced Coenzyme—The 
dissimilarity between DPN and DPNH binding by yeast ADH has been 
discussed previously (2). Since DPN and DPNH are situated on the same 
site on the enzyme (20), the qualitative difference must be inherent in 
the structure of the oxidized and reduced forms of the coenzyme. Thus, 
by modifying the structure of the coenzyme one can get a direct demon- 
stration of this difference. In Table IV are compared the rates of ethanol 
oxidation and acetaldehyde reduction with a number of DPN analogues. 
Certain analogues, t.e. a-DPN, ethyl nicotinate-DPN, and nicotinic acid- 
DPN, will reduce acetaldehyde when used as a hydrogen donor, but are 
completely inactive in oxidizing ethanol. The rate of acetaldehyde re- 
duction may be slow, as for example in the case of a-DPNH, but the rate 
is significant. It thus appears possible that the geometry of the oxidized 
DPN is a more significant factor for activity with yeast ADH than that 
of the reduced form. 


DISCUSSION 


From the data presented in this paper, certain inferences as to the bind- 
ing of DPN to yeast ADH can be made. The marked lability of the en- 
zyme in the presence of deamino-DPN and the protection against this 
lability by anaerobiosis or sulfhydryl agents suggest that the binding of 
deamino-DPN uncovers one or more sulfhydryl groups.5 Since DPN 
protects against the action of deamino-DPN, it is likely that the binding 
of the deaminated analogue occurs at the same sites on yeast ADH as does 
DPN. From the data of Barron and Levine (21), when recalculated for 
the now accepted molecular weight of the enzyme (20), it is apparent that 
the binding of DPN to ADH makes about two sulfhydryl groups per DPN 
molecule unavailable to amperometric titration. One of these groups is 
probably involved in the binding of the pyridinium nitrogen (2, 3). The 


> IDP does not appear to labilize the enzyme. This is not in contradiction with 
the above argument if the previous proposal (3) of the zine-sulfide linkage on the 
enzyme, in the absence of the coenzyme, is true. Deamino-DPN has enough affinity 
for the enzyme to break this zine-sulfide linkage. For IDP this is probably not true. 
On the other hand, once the zine-sulfide linkage is broken, IDP will have an affinity 
for the enzyme. This means that IDP will only interact significantly with yeast 
ADH in the presence of an intact pyridine nucleotide. 
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second sulfhydryl group may be linked to the adenine amino group. When 
deamino-DPN is bound to yeast ADH, the enzyme may become inactive 
because of the oxidation of the sulfhydryl grouping that is normally linked 
to the adenine amino group. 

The coincidence of 4 zinc atoms per molecule of ADH (14, 16) with 4 
molecules of DPN bound per molecule of enzyme (3, 20) makes zine a 
likely binding site for the coenzyme. Since the pyridinium ion and the 
adenine amino group appear to be bound through a sulfhydryl, we have 
previously postulated an interaction of the pyrophosphate group of DPN 
with the zinc (2). An argument in favor of this binding is given by the 
behavior of o-phenanthroline. The chelating agent is a competitive in- 
hibitor for both DPN and DPNH. It is therefore implied that the chelat- 
ing agent interferes with DPN binding. The fact, however, that the com- 
pound can actually activate DPN reduction suggests a mechanism of 
action similar to that of the polyphosphates, and this would infer that 
o-phenanthroline acts on the same site of the yeast ADH, which is usually 
linked to the pyrophosphate grouping of DPN. 

The geometry of DPN has been estimated from Pauling-Corey models 
of the nucleotide.* If the postulated sulfhydryl groups, instrumental in 
binding the pyridinium nitrogen and the adenine amino group, are located 
between the nitrogen and the zinc, then the model is consistent with the 
existence of a zinc-sulfide linkage on the protein when the nucleotide is 
not bound to the enzyme. 

It is of interest to note that the reduced and oxidized coenzymes are 
quantitatively and qualitatively differently bound to the enzyme even 
though the two forms are on the same active site and actually compete 
for this site (20). This may be the result of the difference in the geometry 
of the oxidized and reduced coenzymes.* It would therefore appear that 
it is not essential to postulate two separate sites for DPN and DPNH 
when a different behavior is encountered between the two forms of the co- 
enzyme on a dehydrogenase. 

No specific implications from this work as to the mechanism of the 
actual catalysis will be discussed here. This has been partially treated 
for yeast alcohol dehydrogenase in a previous communication (1). Evi- 
dence is accumulating that the yeast ADH has a basic mechanism similar 
to other dehydrogenases (22). 


The activation by polyphosphates may be of practical value. The 


effect is especially marked with ADP and shows up particularly with in- 
efficient substrates or analogues (1). Whether this activation is a true 
physiological phenomenon remains to be investigated. It is of importance 


6 J,. Grossman and N. QO. Kaplan, in preparation. 
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to note, however, that since the enzyme appears to have the sequence 
(2, 3) 
— enzyme-coenzyme — enzyme-coenzyme-substrate 


the forward and backward reactions are promoted only by the enzyme- 
coenzyme complex. Hence, if DPNH is continually removed from the 
enzyme by an activator, the rate will remain approximately of zero order 
as long as DPN is in excess of enzyme. This effect is illustrated both by 
the effect of pyrophosphate and o-phenanthroline (cf. Fig. 3). Therefore, 
it appears of advantage to employ pyrophosphate buffers for the com- 
parison of rates when the concentration of enzyme is varied. 


SUMMARY 


The effect of pyrophosphate derivatives on yeast alcohol dehydrogenase 
has been described. These substances, especially nucleoside diphosphates, 
but also pyrophosphate itself, can act as potent activators of diphospho- 
pyridine nucleotide (DPN) reduction at moderate concentrations. At 
high concentrations the pyrophosphates will inhibit the enzyme. The 
substances appear to have only an inhibitory action on DPNH oxidation 
when acetaldehyde is the substrate. Inorganic pyrophosphate and the 
nucleoside polyphosphates have a much greater effect when some DPN 
analogues are used as electron acceptors than with the natural coenzyme. 

The removal of the adenine amino group of DPN or the 3-acetylpyridine 
and pyridine-3-aldehyde analogues of DPN yields nucleotides much less 
effective than DPN itself. The enzyme is unstable in the presence of the 
deaminated coenzyme (deamino-DPN). This instability is counteracted 
by glutathione or anaerobiosis. 

A qualitative dissimilarity between oxidized and reduced coenzymes 
can be directly demonstrated with the use of certain analogues of DPN. 
In some instances the oxidized coenzyme analogue fails to replace DPN 
completely, while the reduced analogue can serve as a hydrogen donor in 
place of DPNH. 

A scheme based on the data for the binding of DPN to yeast alcohol 
dehydrogenase is presented. This scheme suggests a linkage of the pyr- 
idinjium nitrogen and adenine amino groupings to sulfhydryl groups and 
an interaction of the pyrophosphate moiety of the coenzyme with a zine 
atom. 
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METABOLISM OF CHLORINATED NAPHTHALENES* 


By HERBERT H. CORNISH ann WALTER D. BLOCK 


(From the Department of Dermatology and Syphilology, Medical School, and the Institute 
of Industrial Health, University of Michigan, Ann Arbor, Michigan) 


(Received for publication, November 14, 1957) 


Although the metabolism of naphthalene has been extensively studied by 
Corner and Young (1) and others (2), little is known about the metabolism 
of chlorinated naphthalenes. The present investigation represents a 
comparative study of the metabolic end products of naphthalene and a 
series of chlorinated naphthalenes in the rabbit. 


EXPERIMENTAL 
Materials and Methods 


The compounds! studied were naphthalene, 1-chloronaphthalene, and 
di-, tetra-, penta-, hepta-, and octachloronaphthalenes. The polychlori- 
nated naphthalene samples were in every case within 2 per cent of the 
theoretical value with respect to chlorine content, although several isomeric 
forms were present in each sample. 

Male albino rabbits (approximately 2 kilos in weight) were kept on a 
standard diet of oats and cabbage during the course of the experiments. 
Complete 24 hour urine samples were collected daily for a 4 day period 
before the administration of the compounds. At the end of the control 
period, 1 gm. of naphthalene or a chlorinated naphthalene, dissolved or 
suspended in liquid petrolatum, was administered by stomach tube. 
Subsequent 24 hour urine samples were collected over a 4 day period. 

Each urine sample was diluted to a convenient volume with water and 
analyzed for the following excretory products: creatinine, glucosiduronic 
acids, phenolic compounds, sulfur partitions, and mercapturic acid. 

Creatinine was determined by a photometric modification of Folin’s 
picric acid method (3). Glucosiduronic acids were assayed by the proce- 
dure described by Hanson et al. (4). Phenolic compounds were determined 
with the Folin-Ciocalteu reagent (5), with phenol as a standard. Equi- 


* This work was supported in part by a grant from the National Institutes of 
Health, Grant RG-4794(C), United States Public Health Service. A preliminary 
report of this work was presented at the Federation of American Societies for Experi- 
mental Biology at Chicago, April, 1957. 

1 Naphthalene and 1-chloronaphthalene were obtained from Eastman Organic 
Chemicals, Distillation Products Industries. The other chlorinated naphthalenes 
were generously supplied by Dr. Wilson B. Bell, Department of Biology, Virginia 
Polytechnic Institute. 
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molar concentrations of phenol and both a- and B-naphthols give equal 
color with this reagent. Sulfur partitions were carried out by the barium 
sulfate precipitation procedure of Folin (6). Total sulfur was determined 
by the Denis-Benedict method (7, 8). Mercapturic acid excretion was 
calculated from the sulfur partition values and also determined by the 
iodometric titration procedure of Stekol (9). 

Feces and urine were analyzed for unchanged penta- and heptachloro- 
naphthalenes by using the procedure described by Chang (10). 

The amount of each urinary metabolite resulting from the ingestion of a 
given compound was measured by the increased excretion of the metabolite 
during the 4 day experimental period. This increase in excretion of a 
metabolite above the control levels was then converted to mg. of the 
compound fed, in order to determine both the amount of the compound 
excreted as a particular metabolite and the per cent recovery of the com- 
pound. 


Results 


Table I shows the average 4 day excretion of the various metabolites 
before and after the ingestion of naphthalene and chlorinated naphthalenes. 
Each figure listed in Table I represents the average of separate experi- 
ments on three different rabbits. The normal daily excretion of these 
compounds is somewhat variable. For this reason, changes in excretion 
(expressed as mg. of normal urinary metabolite) of less than 20 per cent 
following the ingestion of a given compound are considered of doubtful 
significance. Mercapturic acid values given in Table I were calculated 
from increases in neutral sulfur as determined by the sulfur partition 
procedure. Mercapturic acid levels determined by iodometric titration (9) 
were within + 5 per cent of the values given in Table I. 

Following the ingestion of 1 gm. of naphthalene, approximately 67 per 
cent of the compound could be accounted for in the urine by the procedures 
used (see Table I). Most of this excretion of naphthalene metabolites 
occurred in the 48 hour period following the ingestion of the compound. 
The major metabolic products were glucosiduronic acid (39 per cent) and 
mercapturic acid (19 per cent). Smaller amounts were excreted as ethereal 
sulfate and as phenolic compounds. These values are consistent with 
those reported by Corner, Billett, and Young (11). 

1-Chloronaphthalene (Table I) showed an excretion pattern similar to 
that obtained after naphthalene feeding. 79 per cent of the 1-chloronaph- 
thalene was excreted in the 4 day period after the ingestion of the com- 
pound. 54 per cent was excreted as glucosiduronic acid, 13 per cent as 
mercapturic acid, and 10 per cent as ethereal sulfate. 

Excretion of end products following the ingestion of dichloronaphthalene 
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(Table I) was also similar to the results obtained with naphthalene, with 
92 per cent of the dose accounted for by the metabolites determined. 69 


TaBLeE 


Effect of Ingestion of Naphthalene and Chlorinated Naphthalenes 
on Excretion of Urinary Metabolites by Rabbit 


Compound fed 


Naphthalene 
Control 
Experimental 
1-Chloronaphthalene 
Control 
Experimental 
Dichloronaphthalene 
Control 
Experimental 
Tetrachloronaphtha- 
lene 
Control 
Experimental 
Pentachloronaphtha- 
lene 
Control 
Experimental 
Heptachloronaphtha- 
lene 
Control 
Experimental 
Octachloronaphtha- 
lene 
Control 
Experimental 


Ethereal Mercapturic Glucuronic Free phenolic 
sulfate acl acid compoun 
E E _ | cretion o 
Bxcre:| Excre: | compound 
Pied fed fed 
mg.* mg. mg.* meg. mg.* mg. mg.* mg. mg. = 
27 132 632 289 
43 64 | 180 192 | 1224; 390 | 306 23 669 | 67 
23 103 661 300 
44; 101 | 129; 131 1301 | 537 | 312 20 789 | 79 
26 109 925 284 
37 55 | 141 177 1604 | 686 | 251 918 | 92 
22 121 455 281 
27 40 | 125 32 731 | 379 | 257 451 | 45 
29 109 739 351 
34 104 759 304 
43 100 680 381 
30 91 698 350 
24 94 881 279 
31 93 670 275 


* The values represent the total 4 day excretion. 


age of results obtained on three different animals. 


Each value represents the aver- 


per cent of the compound was excreted as glucosiduronic acid, 18 per cent 


as mercapturic acid, and 6 per cent as ethereal sulfate. 


Tetrachloronaphthalene (Table I) gave an excretory pattern qualita- 


tively similar to that obtained with naphthalene. 


However, only 45 per 
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cent of the tetrachloro compound could be accounted for in the excretory 
products during the subsequent 4 days. 

Ingestion of penta-, hepta-, and octachloronaphthalenes (Table I) did 
not result in an increased excretion of the urinary metabolites measured. 
The relatively large decrease in glucosiduronic acid excretion following the 
ingestion of octachloronaphthalene (Table I) cannot be unequivocally 
explained. Since these animals developed severe toxic symptoms and 
suffered loss of appetite following administration of the compound, it 
seems most likely that these factors are responsible for the decreased excre- 
tion of glucosiduronic acid. The remaining values shown in Table I 
reflect normal variations found for the excretion of these urinary end 
products. 

Feces and urine were analyzed for the presence of unchanged compound 
following the ingestion of penta- and heptachloronaphthalenes. Recoveries 
of known quantities of these compounds added to control samples of urine 
or feces amounted to 80 to 90 per cent. Following the ingestion of penta- 
and heptachloronaphthalenes, small and variable amounts of the chlori- 
nated compounds were isolated from urine and feces. In no case did the 
total 4 day excretion of unchanged compound exceed 20 per cent of the 
1 gm. dose. 


DISCUSSION 


The results of this study indicate that naphthalene, 1-chloronaphthalene, 
and dichloronaphthalene are metabolized readily by the rabbit. Tetra- 
chloronaphthalene is metabolized to a somewhat smaller extent over a 4 day 
period. Pentachloronaphthalene, heptachloronaphthalene, and octachlo- 
ronaphthalene apparently do not undergo the usual metabolic reactions to 
produce the end products measured in the present study. 

These findings can be correlated with the work reported by Bell (12) on 
the toxicity of chlorinated naphthalenes in calves. It is important to keep 
in mind the species difference in these two studies. Bell (12) found that 
di- or trichloronaphthalene did not produce toxic symptoms in calves. 
Tetrachloronaphthalene (12) produced only mild symptoms of toxicity. 
Naphthalenes containing 5 or more chlorine atoms produced severe toxic 
symptoms in calves when these compounds were fed at low dosage levels. 

In the present study, the three rabbits fed octachloronaphthalene, the 
three fed heptachloronaphthalene, and one of the rabbits fed pentachloro- 
naphthalene died within 7 days after ingestion of the compound. The 
rabbits fed naphthalene compounds containing up to 4 chlorine atoms 
showed no apparent symptoms of toxicity. 

On the basis of the results reported in Table I, it would seem that the 
toxic symptoms produced by highly chlorinated naphthalenes can be 
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related to the inability of the animal to metabolize and excrete these 
compounds. The somewhat lower value obtained for the excretion of 
tetrachloronaphthalene end products (45 per cent) also correlates with 
Bell’s finding (12) that this compound produces only slightly toxic symp- 
toms in cattle. Dichloronaphthalene, shown by Bell (12) to be compara- 
tively non-toxic at the dosage fed, was found in the present study to be 
readily metabolized and excreted (92 per cent) within 48 hours following 
ingestion. 1-Chloronaphthalene and naphthalene were also found to be 
largely accounted for (79 and 67 per cent) as urinary end products within 
a 48 hour period. 

The present findings indicate that the rabbit cannot rapidly metabolize 
and excrete the highly chlorinated naphthalenes. These compounds may 
be metabolized by pathways which yield excretory products not included 
in the present study, or they may be deposited in the tissues, particularly 
fat depots, and metabolized or excreted unchanged over longer periods of 
time. Studies are currently in progress to investigate these possibilities. 

It also appears from this study that the rabbit lacks a mechanism for the 
rapid dehalogenation of highly chlorinated naphthalenes. If such a 
dehalogenation occurred, it would be expected that highly chlorinated 
naphthalenes would be metabolized in a manner similar to that found for 
naphthalenes of lower degrees of chlorination. ‘This is not the case, since 
the highly chlorinated naphthalenes do not yield the same pattern of 
excretory products as the naphthalenes of a low degree of chlorination. 

Recent work by Corner and Young (13) indicates that 1 ,2-dihydronaph- 
thalene-1 ,2-diol may be an intermediate in naphthalene metabolism. 
Most isomeric forms of naphthalene containing 5 or more chlorine atoms 
could not form such an intermediate without prior dehalogenation. This 
fact could explain the failure of the rabbit to metabolize the highly chlori- 
nated naphthalenes included in the present study. 


SUMMARY 


The results indicate that the rabbit can metabolize naphthalene, 1- 
chloronaphthalene, and dichloronaphthalene. Tetrachloronaphthalene is 
metabolized to a lesser extent. In each case the major excretory product 
is a glucosiduronie acid. More highly chlorinated naphthalenes did not 
yield urinary metabolites which could be detected by the procedures used 
in this study. 

A correlation exists between the extent to which chlorinated naphtha- 
lenes are metabolized and excreted and the known toxicity of these com- 
pounds. 

On the basis of chemical structure and metabolic findings the suggestion 
is made that a high degree of ring chlorination may interfere with the 
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formation of a 1,2-dihydro-1,2-diol type of intermediate such as that 
proposed for naphthalene. 
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IDENTIFICATION OF ESTRADIOL-178 FROM DOGFISH OVA 
(SQUALUS SUCKLEYI)* 


By HERBERT H. WOTIZ, CHARLES BOTTICELLI, FREDERICK L. HISAW, 
Jr., anD IRA RINGLER 


(From the Department of Biochemistry, Boston University School of Medicine, the 
Biological Laboratories, Harvard University, Cambridge, and the Friday 
Harbor Laboratories, University of Washington, Seattle, Washington) 


(Received for publication, September 5, 1957) 


Although estrogenic activity of ovarian extracts has been reported for 
all classes of vertebrates and certain invertebrates, the chemical nature of 
the active compounds has been identified only in mammals. The hormone 
of the graafian follicle was isolated by MacCorquodale, Thayer, and Doisy 
(1) from liquor folliculi of sow ovaries and named dihydrotheelin, a syno- 
nym of estradiol-178 according to present nomenclature. When whole 
ovaries were extracted, both estradiol-178 and estrone (theelin) were ob- 
tained (2) in an approximate ratio of 0.014:0.010 mg. per kilo. It seems 
probable, as suggested by these authors and later by others, that estradiol- 
178 is the estrogenic hormone secreted by the graafian follicle and that 
estrone is a metabolite. While this may be true for mammals, such infor- 
mation is lacking for other vertebrates. In the present investigation an 
attempt was made to identify the estrogenic hormone in the mature ova of 
the dogfish, Squalus suckleyt. 


RESULTS AND DISCUSSION 


Graafian follicles containing ova that were approaching maturity and 
weighing 20 to 27 gm. were “shelled out” of the ovaries of both pregnant 
and non-pregnant dogfish. Each ovum was enclosed in a thin membrane 
of ovarian tissue composed chiefly of granulosa and theca interna. The 
follicles were usually weighed individually, ruptured, and drained into a 
flask containing 95 per cent ethanol; the residual solid tissue was also added. 
A total of 836 gm., wet weight, was collected over a period of several days. 
The flask was shaken after each addition of material. The contents of the 
flask were filtered, and both filtrate and residue were evaporated to dryness 
ona water bath. The dried residues were stored in the cold until used for 
extraction. 

The waxy ethanolic extracts and dry solids were combined and refluxed 
for 48 hours in 3 liters of 95 per cent ethanol which contained 2 per cent by 


*Aided by grants from the National Science Foundation and the United States 
Public Health Service. 

A report of this study was presented before the American Society of Biological 
Chemists at Chicago, April 19, 1957. 
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volume of hydrochloric acid. The solution was decanted, and the residue 
was washed several times with more ethanol. The combined extracts and 
washings were neutralized with sodium bicarbonate and dried over sodium 
sulfate. The filtered solution was then reduced in volume with a Rineo 
rotating still in vacuo. This crude material was assayed and found to con- 
tain estrogenic activity equivalent to approximately 818 Allen-Doisy 
units. | 

This activity was determined by a modification of the Allen and Doisy 
method (3). Female rats 100 days old, and weighing 160 to 170 gm., were 
castrated and used for assay 4 days later. The unit determined was the 
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“— 6 HOURS——~ “— 30 HOURS-——“ 

Fic. 1. Comparison of the physiological effects of small doses of estradiol and ex- 
tract of dogfish ova on the water imbibition and growth of the rat uterus. A mini- 
mum of ten 22 day-old animals, weighing 54 to 62 gm., was used in each assay group. 


minimal amount which, when given in three equal doses over a period of 
48 hours, would produce full vaginal cornification in approximately 50 per 
cent of twelve animals 72 hours after the first injection. 

A minimal amount of the substance (0.017 ml.) was injected in a single 
dose into at least ten 24 day-old rats (54 to 62 gm.) for each determination. 
Assays were performed at 6 and 30 hours. This amount (0.017 ml.) in- 
duced a uterine response at 6 hours equivalent to an Astwood unit (4) of 
estradiol-178 (0.025 y) and approximately the same growth of the uterus by 
the 30th hour. The physiological action of the substance was like that of 
estradiol-178 rather than that of estrone (Fig. 1). An Astwood unit (5) 
of estrone (0.45 y) causes no obvious growth of the uterus by the 30th 
hour. 

The remaining material was taken up in 50 ml. of chloroform and ex- 
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tracted ten times with 20 ml. of 1 N sodium hydroxide. The alkaline solu- 
tion Was neutralized with glacial acetic acid and extracted ten times with 
100 ml. of chloroform. The chloroform solution was evaporated to dryness 
in vacuo. This material was subjected to a twenty-nine transfer partition 
in a Craig countercurrent distributor in the following solvent system: 
upper phase, 70 per cent methanol; lower phase, 50 per cent chloroform-50 
per cent carbon tetrachloride, as described by Engel et al. (6). In this 
system estradiol-178 has a partition coefficient of 0.90 and according to 
A B 
CM. 
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Fic. 2. Paper chromatograms of extract from dogfish ova in a toluene-propylene 
glycol system and following staining with ferric chloride-ferrocyanide reagent. A, 
authentic estradiol-178 and estrone (20 y each); B, estradiol-178 and estrone (20 7 
each) and one-third of extract; C, extract from dogfish ova. 


calculation can be expected to form a peak in tubes 14 to 15. Repeated 
partitions in this system of authentic estradiol-178 showed that this sub- 
stance is found in tubes 10 to 19 after twenty-nine transfers. Partitioning 
of authentic estrone showed that in this system, in which estrone has a K 
value of 0.14, this steroid is found in tubes 0 to 9, with a peak in tubes 3 to 
4. 

Estrogenic activity was found following partitioning of the tissue ex- 
tract in the fractions representing the combined contents of tubes 3 to 9 
and tubes 10 to 19, the latter containing about 10 times the activity of the 
former. These two fractions were again partitioned in the same system 
with twenty-nine transfers, and in each of them estrogenic activity ap- 
peared in the combined contents of tubes 10 to 19. 
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One-third of the combined residues left after the bioassay procedure 


was applied to a 1 cm. paper strip which had previously been treated with. 


a 50 per cent mixture of methanolic propylene glycol and blotted. Another 
one-third aliquot was applied to a second strip, together with 20 y of 
authentic estradiol-178 and 20 y of estrone. To a third 1 em. strip 20 y 
of estradiol-178 and 20 y of estrone only were applied. The three strips, 
joined by a common base, were hung in a cylindrical tank and developed 
in a descending system with toluene which had been equilibrated with 
propylene glycol (7) for a period of 18 hours. The strips were then removed 
from the tank, dried in a warm current of air, and stained with a 1 per 
cent mixture of ferric chloride-ferrocyanide (8). Fig. 2 shows the results 
obtained after staining the chromatographic strips. A blue stain which 
did not separate from authentic estradiol-178 on the mixed chromatogram 
was found, but no such staining could be detected in the area corresponding 
to estrone. 

Sufficient material was not available to carry out any further procedures 
for a more positive identification of the estrogenic compound isolated. 
However, the results obtained strongly indicate that it was estradiol-178. 
This hormone should have been expected in tubes 10 to 19 of the twenty- 
nine transfer countercurrent partition, while estrone should have been in 
tubes 3 to 9. The appearance of estrogenic activity in the material from 
tubes 3 to 9 was most likely caused by the tailing of estradiol, leaving some 
material in the lower numbered tubes. It is significant that these observa- 
tions were corroborated by the mixed chromatograms. 


SUMMARY 


An estrogenic material was obtained from 836 gm. of ovarian eggs re- 
moved from the ovaries of the dogfish (Squalus suckleyi) which by counter- 
current distribution, paper chromatography, and comparative estrogenic 
action was identified as estradiol-178. Therefore, these studies indicate 
that the graafian follicle of the dogfish, like that of mammals, secretes 
estradiol-178. 
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STUDIES IN STEROID METABOLISM 
VI. THE FATE OF ESTRONE-16-C"% IN RAT BLOOD* 


By HERBERT H. WOTIZ, BARBARA 8. ZISKIND, 
AND IRA RINGLER 


(From the Department of Biochemistry, Boston University School of Medicine, and the 
Biological Laboratories, Harvard University, Cambridge, Massachusetts) 


(Received for publication, September 9, 1957) 


Although many physiologic effects of the estrogens are well characterized, 
their metabolism and transport involving possible protein binding are 
still a subject of considerable disagreement among various investigators. 
The recent review by Roberts and Szego (1) clearly points to these areas of 
disagreement. The variation in the transport and metabolic degradation 
of the estrogens in different species also cannot be disregarded (2-4). 

This study concerns itself with the nature of the circulating estrogens, 
their extractability, and their conversion products in rat plasma following 
the short term infusion of estrone-16-C"™. 


Methods 
Infusion of Estrone-16-C™ 


Six rats (175 to 200 gm.) in each of two experiments were individually 
infused through the femoral vein with 0.27 we. (2.95 & 10° e.p.m.) (0.1 
mg.) of estrone-16-C" dissolved in sesame oil.! The volume of oil injected 
never exceeded 0.20 ml., and it was infused over a 5 minute period. The 
animals were exsanguinated 10 to 15 minutes after the administration of 
the steroid. The heparinized blood was centrifuged, and the plasma was 
decanted. The total radioactivity in the pooled plasma of the two groups 
of rats was 19,500 ¢.p.m. and 17,000 c.p.m., respectively. 

100 ul. of the second plasma sample were subjected to paper electro- 
phoresis by the hanging strip method of Block et al. (5). Electrophoresis 
was carried out in a Veronal buffer, pH 8.6, 1 = 0.1, at a constant current 
of 5 ma. for 16 hours. The strips were dried and subjected to autoradiog- 
raphy for 4 weeks. No detectable radioactivity was associated with the 
plasma protein constituents. The strips were then cut into 0.5 cm. 
segments and read in a windowless gas flow counter. The only apparent 


* These studies have been carried out with the assistance of research grants and 
an Institutional Research Grant from the American Cancer Society and from the 
National Institutes of Health, United States Public Health Service, as well as a 
grant from Aids for Cancer Research, Boston. 

. : a rone-16-C' was obtained from the Charles E. Frosst and Company, Montreal, 
anada. 
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radioactivity was at the origin and at both sides. This migration is most 
likely a result of hydrodynamic displacement to which this system is sub. 
ject (5). 


Dialysis of Plasma 


Procedure a—The plasma (14 ml.) obtained from the first group of 
animals was made 30 per cent alcoholic with methanol, placed in a Visking 
membrane, and dialyzed against 450 ml. of 60 per cent methanol (6). 

The dialysate was replaced after 48 hours and twice after successive 24 
hour periods, and during these periods all dialysates were continuously 
extracted with chloroform. 

Procedure b—The plasma (20 ml.) obtained from the second infusion was 
dialyzed for 5 days against 1 liter of isotonic saline which was changed 
every 24 hours, and each fraction was extracted by hand with chloroform. 


Hydrolysis 


Attempts were made to hydrolyze conjugated estrogens by treating the 
residual protein, as well as the dialysates, by all or some of the following 
procedures. 

8-Glucuronidase—The solution to be hydrolyzed was buffered with 0.1 x 
acetate buffer and treated with 15,000 units of 6-glucuronidase? for 48 
hours at 38°. 

Mylase P—The solution to be hydrolyzed was brought to a concentra- 
tion of 1 per cent (w/v) with Mylase P* at pH 6 and incubated for 48 
hours at 38°. 

Lecithinase—100 mouse units of Cobroxin* were added to each sample to 
be dialyzed and treated for 48 hours at 38°. 

Cold Acid—The material was treated with 20 volumes per cent of 
concentrated hydrochloric acid for 24 hours. 

Hot Acid—The acid-treated material was boiled for 30 minutes. 

Alkali—The material was neutralized and then made 4 N with potassium 
hydroxide and heated on a steam bath for 4 hours. 

Pepsin—The material was treated with 2 per cent pepsin at pH 2 for 24 
hours. 

Following each of the afore-mentioned treatments, the material was 
extracted several times with chloroform. 

Radioactivity was determined in a Tracerlab SC-50A windowless propor- 
tional gas flow counter at infinite thinness when possible and corrected for 
background. Counting was continued for a period long enough to insure 
an accuracy of +5 per cent. The aqueous residues and steam distillates 


Warner-Chilecott Ketodase. 
3 Nutritional Biochemicals Corporation. 
* Hynson, Westcott and Dunning, Inc. 
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could not be counted with any accuracy because of the very high salt 
content of the samples. 


Results 


The activities of the individual radioactive fractions obtained following 
dialysis Procedure a are recorded in the flow sheet shown in Fig. 1. 

After the continuous extraction, further extraction by hand shaking 
produced only a small amount of radioactive material. 

Hydrolysis with 8-glucuronidase liberated a very small amount of radio- 
active substance from the second dialysate only. Further hydrolysis of 
the aqueous residue with Mylase P also yielded a small amount of labeled 
material from the second dialysate. 

Following cold acid hydrolysis, a somewhat greater amount of chloro- 
form-soluble radioactive compounds was liberated from the second dialy- 
sate. As can be seen from Fig. 1, hot acid or alkaline hydrolysis did not 
produce any further extractable radioactivity. 

Throughout these procedures, there was a large amount of radioactivity 
detectable in the aqueous residues. It is interesting to note that, following 
treatment with 4 N potassium hydroxide, a non-extractable, but steam- 
volatile, substance was obtained. 

The results from the second experiment (Fig. 2) involving dialysis against 
saline differ from the first experiment in that extractable material was 
found in all of the dialysates following 8-glucuronidase treatment and 
none after Mylase P or alkali treatment. 

Again, there was found a steam-volatile substance after alkali digestion 
as well as the retention of fairly high radioactivity in the aqueous residues 
throughout the above-mentioned procedures. 

The material from inside the Visking bag from dialysis Procedure b 
was divided into five parts, and each was dialyzed against distilled water 
after treatment with 6-glucuronidase, Mylase P, lecithinase, and pepsin, 
respectively, as well as an untreated control. Between 120 and 250 ¢.p.m. 
of radioactive material were extracted after these various procedures, and 
181 ¢.p.m. were extracted from the control (Fig. 3)... 

The residual material from the pepsin digestion was again treated with 
potassium hydroxide and filtered. Extraction of the residue with acetone 
yielded no significant radioactivity, although approximately 1000 c.p.m. 
remained in the filtrate. 

Again there was observed a steam-volatile substance in the residue after 
alkali treatment. 

The chloroform-soluble material from the primary extracts’ shown in 


‘The primary extracts represent the material shown in Fig. 1 in the bracket and 
shown in Fig. 2 as the first chloroform extract of the five dialysates, totalling 17,379 
¢.p.m. combined. 
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Fig. 1. Fractionation of rat plasma from estrone-16-C"-infused animals after 
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Figs. 1 and 2 was combined, and 20 mg. of estradiol-178, 30 mg. of estrone, 
and 4 mg. of estriol were added. The combined extracts and carrier 
steroids were partitioned in a Craig countercurrent distribution apparatus 
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Fig. 2. Fractionation of rat plasma from estrone-16-C"-infused animals after 
dialysis against saline. 


with twenty-nine transfers in a system consisting of an upper phase of 70 
per cent methanol and a lower phase of equal parts of chloroform and carbon 
tetrachloride (7). Fig. 4 shows the results of this preliminary partition. 
The contents of the tubes shown as Peak A (tubes 2 to 8) were combined 
as were those of Peak B (tubes 9 to 19) and Peak C (tubes 20 to 28). The 
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combined and dried residue from Peak A was again partitioned in the same 
system, followed by repartitioning of the dried material from Peaks B and C 


in the same system. 
Figs. 5, a, 5, b, and 6, a. 


The results from these separations are shown in 
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The material from tubes 2 through 10 from Fig. 5, a was recrystallized 
to constant specific activity, followed by the formation of the benzoate 
which was also crystallized to constant specifie activity (Table I). 

The contents of tubes 7 through 16 of the second partitioning (Fig. 5, 5) 
were combined and treated in an identical manner (Table I). 


(a) (b) 


Lu 
03 6926 6 9 6 2i 24 
TUBE NO. TUBE NO. 


Fic. 5. a, countercurrent distribution of contents of tubes 2 to8 from Fig. 4. 6, 
countercurrent distribution of contents of tubes 9 to 19 from Fig. 4. 
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Fic. 6. a, countercurrent distribution of contents of tubes 20 to 28 from Fig. 4. 
b, countercurrent distribution of contents of tubes 23 to 27 from Fig. 6, a. 
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As shown in Fig. 6, a, the partitioning of the contents of tubes 20 through 
29 revealed two individual peaks. The material from tubes 23 through 
27 shown in Fig. 6, a was partitioned once more, yielding an essentially 
pure estriol fraction (Fig. 6, b). The material from tubes 20 through 28 
was combined and recrystallized to constant specific activity. Insuff- 
cient amounts of this compound were left after these procedures for further 
characterization. 


TABLE 
Characterization of Major Metabolites Isolated, after Infusion of Estrone-16-C", from 
Rat Plasma 
| Estrone Estradiol Estriol 
Purification 
C.p.m. C.p.m. C.p.m. 


Free steroid 


°C. 

2nd partition (Fig. 6, a).... 85 

3rd partition (Fig. 6, b)..... 84 

Ist crystallization.......... 44 258-259 27 171-173 83 273-276 
2nd 46 259-260 30 175-176 86 275-278 

Benzoates 
Ist crystallization...... 42* 217-219 31* 167-170 
2nd 45* 218-219 28* 169-174 


The melting points are uncorrected and were taken on a Fisher-Johns apparatus. 
* The values reported here are corrected for the free steroid. 


DISCUSSION 


The binding of estrogens to plasma proteins cannot be clearly interpreted 
at this time, since there exists great confusion in the literature as to the 
definition of steroid-protein binding. This was best brought out in a recent 
review by Roberts and Szego (1), who have pointed out that Bischoff 
and coworkers believe that the reaction of estrogen with albumin, for in- 
stance, is not a complex formation since it was governed strictly by solu- 
bility laws. Similarly, these latter workers suggested that no ‘‘estro- 
protein” formation could have occurred, since the estrogen moiety was 
dialyzable from the protein complex. On the other hand, Roberts and 
Szego point out that lipides dialyze from purified lipoprotein preparations 
and are still considered to have been bound to protein. Similarly, the 
association of coenzymes with their apoenzymes seems fairly well proved, 
yet the former are removable from the latter by dialysis. 


— 
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In the framework of Bischoff’s concept of protein binding, necessitating 
linkage or the presence of strong secondary valences, the evidence shown 
in Figs. 1 and 2 rules out the binding of estrone-16-C" to rat plasma pro- 
teins. This is based on the facts that the material identifiable as estrogen 
readily dialyzed from the plasma, that no further radioactivity could be 
liberated following digestion of the protein, and that paper electrophoresis 
of the fresh plasma followed by staining and radioautography showed no 
radioactivity associated with any protein fraction. Conversely, according 
to the criteria of steroid-protein complex formation set forth by Roberts 
and Szego, the evidence in Figs. 1 and 2 does not rule out the formation of 
a labile form of binding which is readily disrupted by dialysis. 

However, Szego (8) more recently reported the binding in vitro of estro- 
gen to serum proteins in the presence of liver tissue. Under the de- 
cidedly different conditions of the experiments reported here, short term 
infusion, no such binding of estrone to rat plasma was found after expo- 
sure of the electrophoretic strip to x-ray film for 4 weeks. It must there- 
fore be concluded that, under the conditions of this experiment, apparently 
no binding of steroid to a plasma protein occurred. 

The evidence obtained for the formation of estrogen conjugates with 
glucuronic acid, sulfate, or unknown substances is not convincing, perhaps 
because of the brief duration of the experiment. The second dialysate of 
the first experiment (Fig. 1) appears to have contained a small amount of 
material which was extractable after 6-glucuronidase and Mylase P 
hydrolysis and somewhat more after cold acid hydrolysis. 

After treatment of the protein residue from Procedure b (Fig. 3) with 
8-glucuronidase, lecithinase, Mylase P, and pepsin, there appeared some 
radioactivity in the extracts. However, the untreated control also contains 
radioactive material of the same order of magnitude, suggesting that all 
of this radioactivity is due to undialyzed free steroid. 

Perhaps the most interesting finding is the apparent rapid degradation 
of ring D of estrone. This is shown by the fact that the dialyzable and the 
non-dialyzable aqueous residues, after thorough extraction of both with 
chloroform, retain radioactivity which is non-extractable in this solvent, 
even after drastic treatment (hot 4 N potassium hydroxide). These 
apparently non-steroidal, water-soluble, and, in part, steam-distillable 
radioactive components must have come from the degradation of at least 
ring D of estrone-16-C™. It is suggested that perhaps only ring D is de- 
graded in these experiments, since similar experiments, in which, however, 
testosterone-4-C" is utilized, did not give rise to any water-soluble, chloro- 
form-insoluble fractions. This would indicate the relatively greater 
stability of ring A over ring D of steroids in such infusion experiments. 


® Wotiz, H. H., unpublished data. 
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These findings could explain the report by Budy (9) that following estrone- 
16-C™ infusion to mice there is a fairly constant level of ‘‘radioestrone” 
in the blood for a period of 6 to 96 hours. It is possible that this then 
represents non-estrogenic material similar to the radioactive compounds 
found in the aqueous residues reported here. 

Previous investigators (10-17) have already indicated the possibility 
that estrone and estradiol may be converted to estriol in species other than 
humans. Although the characterization was not carried through deriva- 
tive formation in the experiments reported here because insufficient material 
remained, the fact that the specific activity obtained from two partitions 
(Fig. 6), followed by two crystallizations, remained within the limits of 
error of counting is strongly indicative of the conversion of estrone to 
estriol in rat plasma. 

Based on the original number of counts (3,540,000 ¢.p.m.) infused into 
the animals during the two experiments, only 1.1 per cent was recovered 
as chloroform-extractable material. The percentages of identifiable 
steroid recovered, based on the counts of material infused, are 0.038, 0.017, 
and 0.0096 for estrone, estradiol, and estriol, respectively. 

From Fig. 6 it is also apparent that another metabolite of a polarity 
between estradiol and estriol was formed. No information about. this 
compound has been obtained as yet; however, the possibility that this 
substance may be 16-ketoestradiol, which was recently isolated by Levitz 
et al. (18), or 16-epiestriol, as deseribed by Marrian and Bauld (19), is 
under investigation. 


SUMMARY 


Plasma obtained from rats after short term infusion of estrone-16-C" 
was dialyzed against aqueous methanol and against saline. No evidence 
could be obtained for the binding of estrogen to plasma proteins. Little, 
if any, conjugation of estrogen to inorganic acids or glucuronic acid could 
be detected. Evidence was obtained for the rapid degradation of ring D 
of estrone-16-C™. After countercurrent distribution and repeated crystal- 
lization, estrone and estradiol were shown to be present in the extracts. 
Suggestive evidence for the presence of estriol was also found. 
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DETOXICATION OF THIOURACIL BY S-METHYLATION 


By EDWARD J. SARCIONE anp JOSEPH E, SOKAL 


(From the Division of Medicine, Roswell Park Memorial Institute, 
Buffalo, New York) 


(Received for publication, October 25, 1957) 


Methylation of thiols is known to occur in several important biological 
transmethylation reactions (1). However, present knowledge of methyla- 
tion as a detoxication mechanism in mammals appears to be limited to the 
heterocyclic nitrogen atom in compounds of the pyridine and quinoline 
type. 

Thiouracil and its derivatives are effective agents widely used to inhibit 
thyroid hormone synthesis in animals and humans. During the course of 
a study of thiopyrimidine metabolism, an unidentified metabolic product 
of thiouracil was observed in rat urine. This report describes the identifi- 
cation of this metabolite as 2-methylthiouracil. 


EXPERIMENTAL 


Identification of 2-Methylthiouracil in Urine—Sprague-Dawley rats, 
weighing between 250 and 300 gm., were injected subcutaneously with 
6.4 mg. of chromatographically pure 2-thiouracil-S** (2.8 ue. per mg.) 
in 1.4 ml. of slightly alkaline aqueous solution.!. The rats were placed in 
individual metabolism cages, and urine was collected for 24 hours under 
toluene (experimental urine). During this period water, but not food, 
was allowed the animals. Urine from untreated rats was collected into 
flasks containing 2-thiouracil-S** plus toluene (control urine). The experi- 
mental and control urines were extracted with butanol. The butanol 
extracts were evaporated to a small volume and centrifuged, and 0.025 ml. 
aliquots of the clear solutions were subjected to chromatography by the 
descending technique on Whatman No. 2 paper with n-butanol-acetic 
acid-water (34.5:9.6:16.0) as the developing solvent. Survey of the 
chromatograms of experimental urines with an automatic recording 
scanner revealed an unidentified S**-metabolite with an R,- value of 0.79. 
Chromatograms of control urines similarly treated revealed only 2-thioura- 
cil-S5, with an R,p value of 0.74. To identify the unknown S**-metabolite, 
the radioactive area was cut from the paper and eluted with butanol. 
An authentic sample of unlabeled 2-methylthiouracil was added to the 
concentrated butanol extracts, and 0.025 ml. aliquots were rechromato- 


1 The labeled 2-thiouracil-S*5 was obtained from the New England Nuclear Cor- 
poration, Boston, Massachusetts. 


605 


606 DETOXICATION OF THIOURACIL 


graphed in five different solvent systems as follows: n-butanol-isoamy! 
alcohol (1:1) saturated with 2 x NH,OH, n-butanol saturated with 2 y 
NH,OH, n-butanol saturated with water, n-butanol saturated with 10 
per cent aqueous urea, and n-butanol-acetic acid-water (34.5:9.6: 16.0), 
The ultraviolet-absorbing areas of the added carrier pyrimidine were 
located on paper chromatograms with a Mineralite lamp. The ultraviolet. 
absorbing area of added 2-methylthiouracil and the radioactivity of the 
eluted unknown S**-metabolite were found to coincide exactly in each 
solvent system used. This was considered as evidence for their identity. 
The Ry values for 2-methylthiouracil in these solvent systems were 0.24, 
0.40, 0.74, 0.77, and 0.79, respectively. 

Quantitative Excretion Studies—To determine the per cent of the total 
administered radioactivity excreted in urine 24 hours after the administra- 


TABLE I 
Excretion of Radioactivity in 24 Hour Urine following 
Administration of 2-Thiouracil-S* 


Per cent of injected Per cent of excreted radioactivity 
Rat No. radioactivity —- - 
excreted Thiouracil  MethylIthiouracil Inorganic sulfate 
1 77.3 79.7 | 8.4 8.1 
2 78.8 78.3 9.2 5.2 
3 71.9 | 82.4 | 7.3 6.9 
Average... ... 76.0 | 80.1 | 8.3 6.7 


tion of thiouracil-S**, aliquots of untreated diluted urine were plated on 
aluminum planchets and counted in a gas flow counter. The counts were 
compared to those obtained with diluted aliquots of the administered 
2-thiouracil-S** counted in the same manner. 

The relative per cent of each S** component excreted in 24 hour urine 
was determined on an aliquot of untreated urine which was lyophilized to 
dryness. The residue was dissolved in a minimal amount of distilled water, 
and 0.025 ml. aliquots were chromatographed on paper. The radioactive 
areas on the chromatograms were cut from the paper and counted on 
aluminum planchets. 

Inorganic sulfate was precipitated from an acid solution of urine with 
barium chloride according to Folin’s method (2). The precipitates were 
centrifuged, washed twice with water and once with 95 per cent ethyl 
alcohol, and plated on aluminum planchets. The samples were counted 
with a gas flow counter, and appropriate self-absorption corrections were 
made. 
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The data on the excretion of radioactivity by the rats injected with 
».thiouracil-S* are summarized in Table I. 


DISCUSSION 


The identification of 2-methylthiouracil in urine after the administration 
of thiouracil indicates that rats can utilize methylation of the thiol group 
as a detoxication mechanism. Indirect evidence for biological methylation 
of sulfur compounds related to ethanethiol has been presented by Black- 
burn and Challenger (3). These authors suggested that the ethyl methyl 
sulfide, obtained by the addition of diethyl] disulfide to cultures of the mold 
Scopulartopsis brevicaulis, is formed by methylation of an alkylthiol pro- 
duced first. Recently, Snow (4) identified ethyl methyl sulfone in the 
urine of mice and guinea pigs after the administration of diethy] disulfide 
and suggested a similar preliminary methylation of ethanethiol to ethyl 
methy! sulfide, followed by oxidation to the sulfone. These findings sug- 
gest that methylation may be a general reaction for the detoxication of 
thiols. 

Thiouracil and its derivatives are administered to animals and humans 
at frequent intervals over considerable periods of time to depress thyroid 
function (5). Under these conditions, thiouracil has a high incidence of 
toxic effects, among which is leukopenia (6). There is evidence that active 
methyl groups are necessary for the formation of leukocytes. Diets defi- 
cient in sources of labile methyl groups induced leukopenia in rats (7, 8). 
Ethionine, an antagonist of methionine, potentiated the antileukemic 
effect of A-methopterin in mouse leukemia (9, 10). Whether the S- 
methylation reaction observed by us is of sufficient magnitude to diminish 
the active methyl pool or competitively inhibit transmethylation reactions 
during chronic thiouracil treatment is not known. However, it is possible 
that the leukopenia often observed during chronic thiouracil therapy may 
be a reflection of a decreased active methyl pool. 


SUMMARY 


2-Methylthiouracil has been identified in urine after the administration 
of 2-thiouracil to rats. 

A total of 76.0 per cent of the radioactivity was excreted in the urine 24 
hours after the administration of 2-thiouracil-S**. Of this radioactivity 
80.1 per cent was excreted as unchanged 2-thiouracil, 8.3 per cent as 
2-methylthiouracil, and 6.7 per cent as inorganic sulfate. 

Methylation as a general detoxication mechanism for thiols is briefly 
discussed. 


The authors are indebted to Dr. H. W. Barrett of the University of 
Kansas for kindly providing the authentic sample of 2-methylthiouracil. 
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THE ROLE OF COMPLEX METAL IONS IN THE YEAST 
HEXOKINASE REACTION * 


By NORTEN C. MELCHIOR anp JACKLYN B. MELCHIOR 


(From the Departments of Biochemistry and Pharmacology, Graduate School and the 
Stritch School of Medicine of Loyola University, Chicago, Illinois) 


(Received for publication, May 8, 1957) 


It is known that many of the enzyme systems which utilize ATP! are 
activated by inorganic cations. In most instances a divalent cation is 
required (2) and in some cases monovalent cations are also required (3-5). 
These effects have usually been assumed to be due to activation of the 
enzyme by the cation. 

The demonstration that many of these cations react with ATP to form 
complex ions (6-10) makes it necessary to consider these molecular species 
in any attempt to interpret the activating or inhibiting effects of metal 
ions on enzyme systems which utilize ATP. Melchior (8) has pointed out 
the variety of molecular configurations which are to be expected in solu- 
tions of ATP in the presence of various positive ions, emphasizing the 
possibility that one of these configurations may be preferred or required 
by the enzyme. 

The detailed mechanism of the interaction of magnesium and ATP with 
various kinases has not been established. Hers (7) suggested that the 
magnesium-ATP complex was the specific substrate for liver fructokinase, 
Liébecq (11) reached a similar conclusion in the case of muscle hexokinase, 
Lardy and Parks (12) pointed out several possibilities in connection with 
their work on liver fructokinase, muscle phosphohexokinase, and ATP- 
creatine transphosphorylase, and Raaflaub and Leupin (13) concluded 
that MgATP~ is not the substrate for yeast hexokinase. None of these 
authors presented a quantitative analysis of their data. 


* This investigation was supported by a research grant (No. H-1342C3) from the 
National Heart Institute of the National Institutes of Health, United States Public 
Health Service. Portions of this material have been presented before the Division 
of Biological Chemistry at the 128th national meeting of the American Chemical 
Society and before the American Society of Biological Chemists (1). 

' The following abbreviations will be used in this paper: ATP, adenosine triphos- 
phate; ATP-*, HATP-*, NaATP-*, MgATP-?, etc., refer to specific ionic species 
which exist in certain aqueous solutions containing ATP; TMAt, tetramethylam- 
monium ion; TMACI, tetramethylammonium chloride; TEA, triethanolamine. Pa- 
rentheses enclosing a molecular formula indicate the concentration of that species 
in millimoles per liter unless stated otherwise; the sum of the concentrations of all 
the molecular species containing a particular component is indicated with the sub- 
script T, e.g. (ATP)r. To simplify the mathematical notation in certain equations, 
A will be used instead of (ATP~‘), B instead of (Mg**+), and C instead of (MgATP-?). 
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In order to determine the role of a metal ion ina particular enzyme system 
it is necessary to know much more than the effect of changes in the total 
metal salt concentration upon the rate of the catalyzed reaction. The 
kinetic data must be interpreted in terms of the actual concentrations of 
the various molecular species present during the measurements. The 
concentrations of the molecular species present in an aqueous solution 
(pH = 7) which contains MgCl. and tetraalkylammonium ATP can be 
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Fia. 1. Effect of (Mg)r on the concentrations of several of the molecular species 
in a solution in which (ATP), is 1 mn, pH 8.6. 


determined by solving the following simultaneous equations, most conven- 
iently by approximations 


(1) (ATP) = (HATP-*®) + (ATP) + (MgATP?) 
(TI) (Mg)r = (Mg**) + (MgATP-?) 
(H+) x (ATP-9 
(III) K uate 3 (HATP-») 1.26 x 10° * mM ( ) 
(IV) = = 20 mm" 


(Mg*t) 


The value for Kyyyeqarp-2 Was determined in this laboratory and is in ex- 
cellent agreement with the value reported by Martell and Schwarzenbach 
(10) when their results are corrected for the KATP~* complex (8) present 
in the 0.1 mM KCl] which they used as a background electrolyte. 

The results of such calculations (Fig. 1) demonstrate the marked differ- 
ence between (Mg)r and (Mg++) caused by 1 mm (ATP)+, and the strik- 
ing change in (ATP~*) caused by the addition of magnesium. The con- 
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centration of HATP-* (not shown) at a given pH is a constant fraction 
of (ATP). Fig. 2 shows the dependence of the concentrations of the 
various molecular species upon both (ATP)+ and (Mg)r. 

For a number of reasons it may be desirable to measure enzymic reac- 
tions in the presence of presumably inert salts. Since Melchior has dem- 
onstrated (8) that both sodium and potassium ion form complexes with 
ATP-, it is necessary to consider what effect the presence of these salts 


(ATP*4) (Mo**) (Mc ATP 
4 al + 
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ro) 
= 0.5 
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2 4 2 4 2 4 
TOTAL MAGNESIUM mM 
Fig. 2. Effect of (Mg)r on the concentrations of several of the molecular species 


present in solutions of ATP at pH 8.6. (ATP)y, 0.5 to 5 mM, as indicated on the 
individual curves. 


would have on the kinds and concentrations of the molecular species 
present in the magnesium-ATP system. Tor this purpose it is necessary 
to add the following equations to the system to be solved 


(V) (Na)r = (Nat) + (NaATP~®) 


(Na ATP 


(Na) x (ATP) 0.01 me (8) 


(VI) = 


lig. 3 indicates that moderate concentrations of sodium ion have a signifi- 
cant effect on the concentrations of the species present in a given mixture 
of ATP and magnesium and add comparable amounts of a new ATP- 
containing species. Potassium ion would have a similar effeet. This 
suggests that it might be wise to avoid these cations in investigations of 
magnesium effects on enzyme systems which utilize ATP. 

It was the purpose of this investigation to determine the extent to 
which quantitative correlation of molecular concentrations with measured 
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reaction rates could clarify the mechanism of the magnesium activation 
of the yeast hexokinase-catalyzed reaction between glucose and ATP, | 
was found that the initial velocity measured at pH 8.3 to 8.6 over a wide 
range of (Mg*+) and (ATP~*) could be quantitatively represented by a 
simple equation. Several mechanisms were found which yielded kinetic 
equations of the same form as that derived from experiment. Each of 
these mechanisms included the formation of a complex involving ATP~ 
and the enzyme. Since all these possibilities yield kinetic equations of 
the same form, measurements of this type cannot decide between the 
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Fic. 3. Effect of the addition of sodium chloride on the concentrations of several 
of the molecular species in a solution in which (Mg) = (ATP); = 1 mm. (Na’*) 
is approximately equal to (Na)-+r. 


mechanisms. None of these mechanisms permits appreciable reaction of 
Mgt* with the active site of the enzyme without ATP. 
Quantitative interpretation of the effect of substitution of Na* for 


TMA* upon the rate of the yeast hexokinase-catalyzed reaction indicates 
that Nat probably inhibits by reacting with an enzyme-ATP complex. 
This is an argument in favor of one of the mechanisms mentioned above, 
but it is not conclusive. 

Consideration of the kinetic equation which describes the experimental 
results made possible a correct prediction of the change of velocity of the 
reaction with change in ionic strength at low ionic strengths, and the 
prediction that fluoride ion must be inhibitory under appropriate condi- 
tions. This prediction was not in accord with statements appearing in 
the literature (14), but has been verified experimentally (15). 
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EXPERIMENTAL 


The enzyme preparation was Sigma type III yeast hexokinase, specified 
to contain at least 123,000 units per gm. (16). Spectrophotometric meas- 
urements were made with a Beckman DU spectrophotometer equipped 
with photomultiplier and thermostatic control of the cell compartment. 

The TMA salt of ATP was prepared by shaking BasATP (Pabst) with 
Dowex 50 W-X-8 cation exchange resin in the TMA form. The concen- 
tration of the barium-free stock solution was determined from its absorp- 
tion at 2590 A (slit 0.03 mm). Eastman 1599 TEA was redistilled in 
vacuo. Eastman 3592 TMACI was recrystallized twice from 2-propanol, 
once from 95 per cent ethanol, and dried in vacuo. Water was redistilled 
in a Pyrex glass apparatus; other chemicals were reagent grade. 

The assay system depended upon the fact, first reported by Colowick 
and Kalekar (17), that 1 mole of hydrogen ions is produced per mole of 
glucose phosphorylated by ATP in the presence of yeast hexokinase. A 
convenient assay method for hexokinase activity which involves this prin- 
ciple has been developed by Colowick and Darrow.? Final concentrations 
in the measurements which are reported here were TEA, 2.00 or 4.00 mm; 
eresol red 4.24 y per ml.; glucose 1.0 or 2.0 mm; final volume 3.00 ml.; 
temperature 25.0°; pH 8.3 to 8.6. The reaction was started by the addi- 
tion of the enzyme dissolved in aqueous glucose. and the rate of decrease 
of the concentration of the salt form of cresol red was measured spectro- 
photometrically at 5710 A. From the known quantities of indicator and 
TEA (total) in the system and the apparent pK values of both substances 
(measured at the ionic strength of the reaction mixture), it was possible 
to calculate the number of moles of acid produced which corresponded to 
the measured reduction in absorption at 5710 A. When (ATP)+ exceeded 
(Mg)r, it was necessary to make a small correction for the buffering capac- 
ity of the ATP~* present. The initial velocity was determined from the 
slope of a graph of micromoles of acid produced versus time during the early 
stages of the reaction. Fig. 4 shows typical experimental data. Vo is 
expressed as micromoles per liter per minute for an enzyme concentration 
of | y per ml., and was a linear function of enzyme concentration. The 
values used for the quantitative kinetic analysis of this system (see Fig. 9 
and under “‘Discussion’’) were the averages obtained on different days with 
different samples of the same enzyme preparation. ‘The maximal standard 
error of any V» value was less than 3 per cent. In the absence of fluoride 
ion, the order of addition of reagents did not measurably affect Vo. Chang- 
ing the glucose concentration from 1 to 2 mM did not affect Vo, which is 


* The authors wish to thank 8S. P. Colowick and R. A. Darrow for providing the 
details of their useful method in advance of publication. 
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consistent with the Michaelis constant for glucose reported by Slein et al, 
(18). 


Results 


Effect of ATP—Fig. 5 shows that at constant (Mg)r the initial velocity 
of the yeast hexokinase-catalyzed reaction increased with (ATP)+ until 
(ATP)+ approximated (Mg)r. Further increases in (ATP)+r resulted in a 
decrease in velocity. The maximal rate observed depended upon (Mg)+. 
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Fic. 4. Reproducibility of the determination of the initial velocity of the yeast 
hexokinase-catalyzed reaction between glucose and ATP. O, (ATP): = 5.0 ma, 
(Mg)r = 10 mm. @, (ATP): = 0.50 mm, (Mg)r = 0.10 mm. Acid production is 
expressed in micromoles per liter for a solution which contains 1 y of enzyme per ml. 
Each group of experimental points has been displaced along the time axis, the first 
point in each group was determined exactly 2 minutes after beginning the addition 
of the enzyme to the reaction mixture. The slopes of the lines through the experi- 
mental points plotted are, from left to right, 1.55, 1.53, 0.45, 0.43. 

Fic. 5. Effect of (ATP)+ on the initial velocity of the yeast hexokinase reaction. 
(Mg)r is indicated on each curve; (TMACI1) = 0.3 mM; other conditions are given 
under “‘Experimental.’’ The lines have no theoretical significance. 


Effect of Mg—V¥ig. 6 shows the effects of various levels of (Mg) upon 
Vo at several values of (ATP)+. It should be noted that excess Mg was 
not inhibitory and that the maximal velocity depended upon (ATP)+. 

Effect of Na—Fig. 7 shows the effect on Vo of substitution of Nat for 
TMA+t. The rate of reaction is decreased whether (Mg)r/(ATP)+ is 0.5, 
1.0, or (not shown) 1.5. Similar results were obtained with K+. 

Effect of Change of Tonic Strength—Vig. 8 shows that relatively large 
changes in ionic strength have only small effects on Vo unless (ATP)+ 


exceeds (Mg) r. 
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Fic. 6. Effect of (Mg)r on the initial velocity of the yeast hexokinase reaction. 
(ATP)y is indicated on each curve. Other conditions are as for Fig. 5. 

Fic. 7. Demonstration of inhibition of the yeast hexokinase reaction by a so- 
dium-containing species. @, lower line, (Mg)r = 0.50 mm; O, upper line, (Mg)r = 
1.0 mm; (ATP); = 1.0 mm; NaCl was substituted for TMACI at an ionic strength 
of 0.3. Other reaction conditions are given under ‘“‘Experimental.’’ The circles 
represent experimental determinations, the lines represent the velocity calculated 
from Equation 3 according to changes in (MgATP~?) and (ATP~*) (see Fig. 3) caused 
by substitution of Na* for TMA*. 
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Fic. 8. Effeet of (TMACI) on the initial velocity of the yeast hexokinase reac- 
tion. (ATP); is 1.0 mm; @,(Mg)r = 2.0mm; O,1.0 mm; @,0.50mM. Other condi- 
tions are standard. 

Fic. 9. Experimental basis for Equations 1, 2, and 3. O, (ATP)r = 0.50 mm; 
@, (ATP); = 5.0 mm. The lines were calculated from Equation 3 by using the 
constants given in footnote 3. Conditions not shown are standard; (TMACI) = 
0.3 M. 
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DISCUSSION 


Quantitative Relationships~-Measurements of the effects on Vo of chang- 
ing (Mg)r at constant (ATP),r and of changing (ATP)+ at constant (Mg), 
were treated analytically on the basis of several different assumptions 
concerning the identity of the molecular species which interact with the 
enzyme in the rate-determining process. It was found that a plot of 
1/Vo versus 1/(MgATP-*) was linear when (Mg)r was varied at constant 
(ATP)+ (Fig. 9). The slope of the line depended upon (ATP)-+, but the 
intercept on the ordinate axis was not affected by (ATP)+r. Vo was also 
linear with enzyme concentration, but no other simple relationship was 
found between Vo (or 1/Vo) and any molecular species present. 

The data shown in Fig. 9 can be represented by the equation 


1 + K;(ATP)+] 
(1) Ve = K, + C 


The meaning of this relationship is not clear until the term (ATP); is 
translated into concentrations of molecular species which are actually 
present. At the pH of these measurements the relationship (ATP)? = 
1.02A + C accounts for the major ATP species' present, and substitution 
of this into Equation 1 gives 
(K + 1.02K;A) 

C 


Although this equation is in the form which is expected (19) if MgATP~ 
(C) were the specific substrate and ATP~ (A) a competitive inhibitor, the 
possible interactions of the substances present in this system (shown sche- 
matically in Fig. 10) are too complex to permit such a conclusion unless 
other pathways to the enzyme-substrate complex can be eliminated. 
For convenience in comparing the experimental results with equations 
based on possible reaction mechanisms, Equation 2 can be written® 


Vm (C+a+ BA) 


1 
(2) (Ki + Ks) + 


(3) 


* The relationships of the constants in Equations 2 and 3 are clearer when Equa- 
tion 3 is written in reciprocal form: 


1 1 4. + BA) 


CVn 


(3a) 


It follows that (K, + Ks) = 1/Vm; a/Vm = Ko; 8/Vm = 1.02K3. According to Equa- 
tion 3, the values of a and 8 should be independent of the specific activity of the en- 
zyme preparation, and we have verified this with two preparations whose specific 
activities differed by a factor of 2.5. In both casesa = 0.13 and 8 = 0.27 at an ionic 
strength of 0.3 (Vo in micromoles per liter per minute at an enzyme concentration 
of 1 y per ml., other concentrations being in millimoles per liter). 
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The equation for the steady state velocity‘ for the system shown in Fig. 9 
is in a form similar to Equation 3, but contains terms in A’, B, B?, etce., 
which cannot be eliminated without assumptions concerning the relative 
values of the various rate constants which are tantamount to the elimina- 
tion of certain of the reaction pathways shown. Since Equation 3, the 
experimental relation between Vo and certain concentrations, does not 
contain such terms, we must conclude that not all the pathways shown in 
Fig. 10 are important in this system. Several different schemes derived 
by eliminating one or more of the reaction paths yield steady state equa- 
tions Which are compatible with Equation 3 and are, therefore, possible 
mechanisms for this reaction. These equations follow. 


Fic. 10. Diagram of some of a relationships between molecular species present 
in an enzyme-catalyzed reaction involving two substances, A and B, which can form 
a complex, C. In this paper, A refers to (ATP), B to (Mg**), C to (MgATP?), 
and E represents the enzyme or enzyme-glucose complex. The symbols over the 
arrows include the rate constants appropriate for the conversion indicated. For 
example, in the reaction E + A = &,, the rate of formation of FE; at any instant by 
this pathway would be given by k;EA and the rate of the reverse reaction by ksF,. 


k 
A+sBoec 
ko 


es £4P 


I. If it is assumed that 2 is not formed, the two upper pathways to ES 
remain and the steady state equation is 
Vo AB + kakeC + 


(4) Vn kskyAB + kakeC + + ksA(ka + + kus) 
+ + kelky + hg + kis) + + is) 


‘The convenient method of King and Altman (20) was used to write the steady 
state equations for the various systems considered. The complexity of the mathe- 
matical expressions was reduced by considering only terms involving the reactants 
and by assuming, in agreement with experiment, that k,; is relatively large. This 
limits the equations to systems which contain no product. We have indicated this 
by using Vo in the equations, and have measured the initial velocity in the absence 
of significant amounts of reaction products. It is important to note that the con- 
siderations of Segal et al. (21) concerning a similar situation are not helpful in re- 
ducing the complexity of the system treated. Lack of symmetry of the kinetic 
effects of the components of a complex shows that interaction of the complex with 
the enzyme is not the only interaction with the enzyme; it does not show interaction 
of the complex with the enzyme to be absent. 
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The terms in B and BC and one term in C do not appear in Equation 3. 
Therefore this mechanism is not in accord with the experimental findings 
unless it is further limited. In order to eliminate the incompatible terms, 
certain limits must be placed on the k’s contained in these terms so that, 
within the concentration range investigated, these terms are negligible 
with respect to others in the expression. This means that both ks and k;, 
must be considerably larger than each of the other k’s. In this way, any 
term not including either ks or ke will be negligible and the equation will 
reduce to 
Ve AB + 


5 = 
ksh; AB + ksk6C + (ke + ks A) (ky + kg + kis) 


Since C = KAB, this equation is of the same form as Equation 3. Conse- 
quently the experimental findings are compatible with the simultaneous 
operation of the two upper pathways in Fig. 10. 

If. If it is further assumed that there is no appreciable conversion of E; to 
E'S by reaction with Mgt*, 7.e. that k; is negligible, the equation becomes 


Vo k3k sC 


6 = 
(6) V = + (ke + ksA) (ky + 


This equation is compatible with the experimental results and corresponds 
to the idea that MgATP~ is the specific substrate and ATP~ is a competi- 
tive inhibitor. 

IIL. If we assume that /S is formed only by reaction with MgATP~ 
but can dissociate Mgt+ to form £1, we obtain 


Ve kskyBC 
Vm [kskgBC + kyBlky + kis) + kaksC] 


(7) 


At first glance it appears that this equation contains so many terms in B 
that comparison with Equation 3 is ridiculous, but if one divides numera- 
tor and denominator of the right hand fraction by B and uses the relation- 
ship, C = KAB, to evaluate the term C/B, Equation 7 becomes 


Vo 


8 = 
®) V + ki(ks + + ksksK A|\ 


This equation represents a most unusual molecular mechanism, but it 
conforms to the experimental findings and cannot be excluded on kinetic 
grounds. 

IV. If one assumes that the uppermost path is the only route to ES, 
one obtains 


Ve kskrAB 


Vin (kskyAB + (ke + keA)(ks + kis) + kek 
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This equation is compatible with the experimental results on/y if the term 
k-ky38 is negligible with respect to the other three groups of terms within 
the bracket. 

Since no reaction pattern which involves the formation of appreciable 
amounts of EF. has been found to provide an equation compatible with 
the experimental findings, one can conclude that magnesium ion does not 
react with the active site of the free enzyme. All four reaction mechanisms 
which are compatible with the experimental results indicate the formation 
of appreciable amounts of an enzyme-ATP~* complex, but differ in the 
role assigned to this complex. Since these four mechanisms give equations 
for Vo/V» Which are identical in form, it is not possible to distinguish 
between them by this kind of measurement. 

Our results are compatible with those reported by Raaflaub and Leupin 
(13), although the considerations above show that their conclusion that 
the magnesium-ATP complex could not be the substrate for yeast hexo- 
kinase is not justified on kinetic evidence. The reason the experiments of 
these authors showed no dependence of V/V,, on (ATP)-+r can be found by 
considering the terms in Equation 3. At all levels of (ATP)+r used by 
them, the term @ is small with respect to other denominator terms and 
the equation approaches V/V, = C/(C + BA). Since C = 20AB, this 
is equivalent to Vo/Vm = 20B/(20B + 8), which is identical with the 
equation for an enzymic reaction in which B (in this case magnesium ion) 
is the substrate. This limiting form of Equation 3 predicts half maximal 
velocity at high (ATP)r when 20B = 8, that is when (Mgt**) is 1.4 X 
10°? mm. This corresponds to a “pMg” of 4.85 which is in excellent agree- 
ment with the half maximal velocity shown in Curve A of Fig. 2 in the 
paper of Raaflaub and Leupin (13). It might also be noted that if the 
association constant for the magnesium-ATP complex used in this paper 
were applied to the experimental data in Curve B, Fig. 2, in their paper, 
Curves A and B, Fig. 2, would be almost perfectly superimposed, as theory 
indicates they should be. 

Tonic Strength Effects—The influence of ionie strength upon the velocity 
of the yeast hexokinase-catalyzed reaction between glucose and ATP 
(lig. 8) should be understandable by means of Equation 3. This equa- 
tion quantitatively accounts for the measurements made at an ionic 
strength of 0.3 and it seems reasonable to assume, as a first approximation, 
that the form of the equation does not change with change in ionic strength. 
Equation 3 can then be written : 


Vo Ce 
Vm (Cfo + U + WAfa) 


where f; is the activity coefficient of the 7th ion and U and W are the 
values which @ and B, respectively, would have at zero ionic strength. 


(10) 
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The Debye-Hiickel equation 
(11) —log f; = (constant) (Z,;7) (u}) 


permits us to predict that in dilute solutions f, will decrease in value with 
increase in ionic strength more rapidly than fc. The effect of this change 
on the value of Vo/V» will, however, depend upon the relative values of 
C and WA. If WA is large with respect to C [((ATP)r: > (Mg)z], the 
denominator of the fraction will decrease with increase in ionic strength 
much more rapidly than the numerator, with the result that V>/V,, will 
increase markedly. On the other hand, if WA is negligible with respect 
to C [((ATP)r: «< (Mg)z], the numerator of the fraction will decrease in 
value slightly more rapidly than does the denominator (the term U does 
not change) and a slight, perhaps negligible, change in Vo/V» is predicted. 
In other words, in dilute solution, V» should increase with ionic strength 
when (ATP)+¢ is greater than (Mg), but there will be little effect when 
(ATP)+ is less than or equal to (Mg)r. These predictions are in accord 
with the observations presented in Fig. 8. 

At higher ionic strengths, a meaningful prediction is difficult because 
additional terms must be included in Equation 11. These terms include 
constants which must be determined separately for each ionic species, and 
are not at present known for ATP-* or MgATP-*. From the known 
effects of increase of ionic strength on the activity coefficients of other 
polyvalent ions it is, however, possible to state that the inhibition observed 
at an ionic strength of 0.2 when (ATP)+ exceeds (Mg)+r is not inconsistent 
with this analysis. ; 

Effect of Sodium Ion—Increase in the sodium content of a reaction mix- 
ture at constant ionic strength causes a decrease in Vo which is not ac- 
counted for by the concomitant changes in MgATP-? and ATP-‘. This 
is shown in Fig. 7, where the experimental results are compared with 
Vo/Vm calculated from Equation 3. In fact, Equation 3 predicts an 
increase in Vo/V, for one of the experiments shown. One must conclude 
that there is a specific effect of one of the sodium-containing species pres- 
ent. To explore this situation further, Equation 3 was modified to include 
this unknown sodium species ‘“‘NaX”’ 


Vo C 


(12) Vn (C+a+BA + A(NaX)] 


This equation can be rearranged to 


CV im 
Vo 


(13) — C —a — BA = A(NaX) 


Values for the left side of Equation 13 obtained from the experiments 
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shown in Fig. 7 are plotted in Fig. 11 against the concentrations of the 
two sodium-containing molecular species known to be present in these 
«lutions. The observed inhibition seems to be related to sodium ion 
rather than to the sodium-ATP complex, and one may tentatively conclude 
that there is significant interaction of Na* with at least one of the enzyme 
species present, but no measurable interaction of NaATP~ with the en- 
zyme. 

"These findings cause one to question Mechanisms I, II, and possibly 
III, since these mechanisms assume that the enzyme binds both MgATP~ 
and ATP~4, and it is difficult to accept these assumptions simultaneously 
with the failure to bind significant amounts of NaATP-*, which is inter- 


03- 
8 02+ Oo 
0.1 
| 
0.2 04 01 O02 O03 
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Fic. 11. Identification of the sodium-containing species responsible for the in- 
hibition of the yeast hexokinase reaction. Experimental data from Fig. 7; ordinate, 


| left side of Equation 13. O, (Mg)r = (ATP)r = 1.0 mm; @, (Mg)r = 0.5 mm; 


(ATP); = 1.0 mm; is mm; (Nat*) is M. 
mediate in both charge and shape (8). The kinetic measurements ex- 
pressed in Equation 3 show no significant binding of Mg** at the active 
site of the free enzyme. Therefore binding of Nat by the free enzyme is 
improbable and the observed inhibition of yeast hexokinase by free Nat 
is probably due to reaction of Na+ with the enzyme-ATP complex. 
Inhibition of the yeast hexokinase reaction by ATP in excess of the 
magnesium present is a molecular mechanism by which the metabolism 
of a cell can be controlled in part by the products of metabolism, one of 
the molecular mechanisms for homeostasis. This might explain the ex- 
perimental findings of Lynen and Koenigsberger (22) that the rate of 
uptake of glucose by living yeast was approximately one-half as great in 
the presence of oxygen as in the absence of oxygen. As these authors 
pointed out, the increased amount of ATP expected in the presence of 
oxygen should, on simple kinetic reasoning, cause an increase in the rate 
of glucose phosphorylation and an increase in the uptake of glucose. Our 
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results are similar to those reported by Lardy and Parks (12) for liver 
fructokinase and muscle phosphofructokinase. These authors pointed 
out the possible regulatory effect of the inhibition by ATP in excess of 
the available magnesium. It is important to remember that, while this 
regulatory mechanism is only one of many, it does exist. Evaluation of 


its importance relative to other regulators of metabolism in a given cel] | 


requires more information about cell metabolism than is now available. 


SUMMARY 


The value of quantitative knowledge of the equilibrium constants for 
the interaction of adenosine triphosphate (ATP) with various cations 
has been demonstrated by their use in the analysis of the effects of changes 
in a number of variables on the initial velocity of the’ yeast hexokinase- 
catalyzed reaction between glucose and ATP. An equation was developed 
which quantitatively accounted for the effects due to changes in the mag. 
nesium and ATP content of the reaction mixture. This equation provided 
a reasonable explanation for the effects of changes in ionic strength on 
the initial velocity; it made possible the demonstration that there was 
specific inhibition of yeast hexokinase by a sodium-containing species and 
provided suggestive evidence that this inhibitor was Nat rather than 
NaATP-. 

It has been shown that several different mechanisms for the formation 
of an enzyme-ATP-magnesium complex yield kinetic equations of identical 


form which are equally compatible with the experimental results. None | 
of the acceptable mechanisms permits any appreciable formation of an | 


enzyme-magnesium complex, but all require the formation of significant 
amounts of an enzyme-ATP complex. 
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ENZYMATIC ACTIVATION OF CARBON DIOXIDE 


I. CRYSTALLINE CARBON DIOXIDE-ACTIVATING ENZYME* 


By BIMAL K. BACHHAWAT anp MINOR J. COON 


(From the Department of Biological Chemistry, Medical School, 
University of Michigan, Ann Arbor, Michigan) 


(Received for publication, October 28, 1957) 


Since the discovery of carbon dioxide fixation in heterotrophic organisms 
by Wood and Werkman (1) and in animal tissues by Evans and Slotin (2), 
many biological carboxylations have been described in which carbon dioxide 
(or bicarbonate ion) serves directly as the carboxylating agent. As re- 
cently proposed (3), however, an “‘activated carbon dioxide” is formed 
prior to the carboxylation of the methyl group of 6-hydroxyisovaleryl 
coenzyme A, an intermediate in leucine metabolism (4). Further study of 
this system (5) has led to the conclusion that the reactive intermediate is 
adenyl carbonate (the mixed anhydride of adenylic and carbonic acids) 
and to the demonstration that the coupled action of two enzymes is required 
to effect the carboxylation, as follows: 

(1) CO, + ATP! = AMP-CO, + pyrophosphate 
(2) AMP-CO;, + 8-hydroxyisovaleryl CoA @ 
AMP + £-hydroxy-8-methylglutary] CoA 


Sum, CO; + ATP + £8-hydroxyisovaleryl CoA = AMP + pyrophosphate 
+ B-hydroxy-8-methylglutaryl CoA 


The enzyme which catalyzes the bicarbonate-dependent cleavage of ATP 
according to Reaction 1 will be referred to as the carbon dioxide-activating 
enzyme. It is of wide occurrence in living organisms and has recently been 
isolated from pig heart. The reversibility of this reaction has been estab- 
lished by studies on the exchange of radioactive pyrophosphate with ATP, 
to be described in detail in a subsequent paper. Reaction 1 proceeds to the 
right when coupled with Reaction 2, which is catalyzed by hydroxyiso- 
valeryl CoA carboxylase. Alternatively, Reaction 1 may be coupled with 
the non-enzymatice decomposition of adenyl carbonate in the presence of 
hydroxylamine according to Reaction 3. 
N H:0H | 


(3) AMP-CO, AMP + CO: 


* Supported by a grant from the National Institute of Arthritis and Metabolic 
Diseases, United States Public Health Service (Grant A-993). 

‘The following abbreviations are used: adenosine triphosphate, ATP; adenylic 
acid, AMP; adenyl carbonate, the mixed anhydride of adenylic and carbonic acids, 
AMP-CO,; thiol ester of coenzyme A, acyl CoA; _ tris(hydroxymethyl)amino- 
methane, Tris. 
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The present paper is concerned with the purification and isolation of the 
carbon dioxide-activating enzyme in crystalline, homogeneous form from 
pig heart and with the assay and properties of the enzyme. The distriby. 
tion of the activating enzyme in various tissues and organisms is also de. 
scribed. Subsequent papers will deal with the specificity of these enzymes, 
the identification of the reaction products, and the effect of biotin def. 
ciency. 


EXPERIMENTAL 


Enzyme Assay—The carbon dioxide-activating enzyme is assayed by the 
bicarbonate-dependent cleavage of ATP in the presence of hydroxylamine, 
followed by deproteinization and estimation of the pyrophosphate formed, 
The following are added to a tube chilled in ice: potassium bicarbonate 
(freshly prepared solution), 500 wmoles; hydroxylamine hydrochloride, 
200 umoles; zinc acetate, 4 wymoles; and ATP (dipotassium salt), 10 umoles, 
To this mixture the enzyme solution, diluted in 0.05 m Tris buffer, pH 8.1, 
is added, and the final volume is adjusted to 3.0 ml. The tube is immedi- 
ately stoppered, incubated in a water bath at 38° for 30 minutes, and then 
placed in an ice bath prior to the addition of 1.0 ml. of 40 per cent trichloro- 
acetic acid. The mixture is centrifuged, and an aliquot of the supernatant 
solution is taken for the determination of pyrophosphate by the colorimetric 
method of Flynn, Jones, and Lipmann (6). A control tube with 500 umoles 
of Tris buffer, pH 8.1, in place of bicarbonate is included, and the amount 
of pyrophosphate found is subtracted from that in the tube containing 
bicarbonate. The pH of both the complete reaction mixture and of the 
mixture containing Tris in place of bicarbonate is 6.5 as determined with 
the glass electrode. At the concentrations employed, the components of 
the assay system have no significant effect on the colorimetric determina- 
tion of pyrophosphate. As shown in Fig. 1, pyrophosphate formation in 
this assay system bears a linear relation to enzyme concentration in the 
range employed. 

In crude enzyme preparations containing pyrophosphatase, orthophos- 
phate liberation serves as an assay for the carbon dioxide-activating 
enzyme. In assaying the enzyme fractions described below, orthophos- 
phate liberation was therefore determined prior to the heating step in 
which pyrophosphatase is destroyed, and pyrophosphate liberation was 
determined with all subsequent fractions. 1 unit of activating enzyme is 
defined as that amount which will catalyze the formation of 1.0 umole of 
pyrophosphate (or 2.0 umoles of orthophosphate in the presence of pyro- 
phosphatase) from ATP under the conditions described. The specific 
activity of the enzyme is expressed as the number of units per mg. of pro- 
tein. 
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Tsolation of Enzyme 


The following operations are carried out at about 0°. The steps em- 
ployed in isolating the activating enzyme from heart extracts are outlined 
in Table I. 

Extraction—Pig hearts obtained immediately upon death of the animals 
are chilled in ice, trimmed of fat and connective tissue, cut into small pieces, 
and either homogenized at once or stored in the frozen state until needed. 
Each of four 500 gm. portions of the minced tissue is homogenized with 
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Fic. 1. Pyrophosphate formation from ATP as a function of activating enzyme 
concentration. The standard assay was employed with varying amounts of 280- 
fold purified activating enzyme. 


500 ml. of 0.05 m Tris buffer, pH 8.1, in a Waring blendor for 3 minutes. 
The combined thick suspension from 2 kilos of heart tissue is diluted with 
2 liters of 0.05 m Tris buffer, pH 8.1, and 20 ml. of m Versene, pH 8.1, and 
the preparation is stirred mechanically for 30 minutes. 30 gm. of solid 
potassium bicarbonate are added, and stirring is continued for an additional 
20 minutes. The resulting mixture is centrifuged at 13,000 r.p.m. for 15 
minutes. The deep red supernatant solution contained 76 gm. of protein 
ina volume of 3.6 liters. 
First Ammonium Sulfate Fractionation—The extract is brought to a final 
ammonium sulfate concentration of 0.29 gm. per ml. (0.55 saturation) by 
the slow addition with mechanical stirring of 1214 gm. of the salt, and the 
preparation is stirred for 30 minutes and then centrifuged for 20 minutes 
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at 13,000 r.p.m. The precipitate is taken up in 0.05 m Tris buffer, pH 8,1, 
to give 550 ml. of a turbid solution containing 37.3 gm. of protein. 
Treatment with Calcium Phosphate Gel and Second Ammonium Sulfate 
Fractionation—To the preparation obtained in the above step an equal 
volume of calcium phosphate gel (7) (15.0 mg. per ml.) is rapidly added, 
and the mixture is stirred for 30 minutes and centrifuged at 13,000 r.p.m, 
for 15 minutes. The precipitate is discarded, and the supernatant solution 
(28.6 gm. of protein in a volume of 1 liter) is brought to a final ammonium 
sultate concentration of approximately 0.21 gm. per ml. (0.4 saturation) 


TABLE I 
Isolation of Carbon Diozide-Activating Enzyme 
Step Protein | Units Yield 
ms. me. protein cet 
lst ammonium sulfate fractionation (0—0.55 satu- 
Calcium phosphate gel supernatant solution..... 28,600 | 4000 0.14 88 
2nd ammonium sulfate fractionation (0—0.40 satu- é 
16,800 | 3360 0.20 74 
3rd ammonium sulfate fractionation (0.30-0.41 
Crystals from ammonium sulfate solution (0.45 


* Prior to the heating step, in which pyrophosphatase is removed completely, the 
assay is based on the liberation of orthophosphate (see the text). 


by the addition of 235 gm. of the salt. The precipitate is collected by 
centrifugation and taken up in 0.05 m Tris buffer, pH 8.1, to give 350 ml. 
of a thick suspension containing 16.8 gm. of protein. 

Heat Denaturation—50 ml. aliquots of the suspension are transferred to 
250 ml. Erlenmeyer flasks and heated with constant swirling in a 70° bath 
until the temperature of the enzyme preparation reaches 62°. The tem- 
perature of the preparation is maintained at 62° for 1 minute, and the flask 
is then immediately chilled in an ice bath. The insoluble protein is re- 
moved by centrifugation at 13,000 r.p.m. to furnish 210 ml. of clear, 
reddish supernatant solution containing 3.2 gm. of protein. At this stage 
the enzyme preparation is free of pyrophosphatase and myokinase and 
also largely free of ATPase activity. 

Third Ammonium Sulfate Fractionation—The solution is brought to a 
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final ammonium sulfate concentration of approximately 0.16 gm. per ml. 
(0.3 saturation) by the addition of 36 gm. of salt, and the supernatant solu- 
tion obtained upon centrifugation (210 ml.) is then brought to a final am- 
monium sulfate concentration of approximately 0.22 gm. per ml. (O41 
situration) by the addition of 14 gm. of salt. The resulting precipitate is 
collected by centrifugation and dissolved in 0.05 M Tris buffer, pH 8.1, to 
give 18 mi. of solution containing 351 mg. of protein. 

Crystalization—The solution is brought to a final ammonium sulfate 
concentration of approximately 0.24 gm. per ml. (0.45 saturation) by the 
addition of 4.8 gm. of salt. The solution is stirred for 5 minutes and cen- 
trifuged to remove the slight precipitate, and the supernatant solution is 
allowed to stand for 48 hours in an open beaker in the refrigerator at about 
4°. The crystals are harvested by centrifugation and dissolved in 0.05 
uw Tris buffer, pH 8.1, to give 3 ml. of solution containing 15 mg. of protein. 
Reerystallization is accomplished by the slow addition to incipient turbidity 
(about 0.45 saturation) of a saturated ammonium sulfate solution pre- 
viously adjusted to pH 8.1 with concentrated ammonium hydroxide and 
by allowing the preparation to stand at 0° for 24 hours. 10 mg. of the re- 
crystallized enzyme were harvested by centrifugation. The enzyme 
erystallizes as fine, slender needles which are easily visible in the presence 
of methylene blue (Fig. 2). The reerystallized enzyme had a specific 
activity of 36, representing 600-fold purification from the initial extract. 

Purity When recrystallized twice as described and three times from 
0.3 M potassium succinate buffer, pH 5.9, by the addition of saturated am- 
monium sulfate solution, the enzyme had a specific activity of 39. This 
preparation was found to be homogeneous in the ultracentrifuge as shown 
in big. 3.4 It also appeared to be homogeneous on zone electrophoresis 
in starch gel in sodium borate buffer, pH 8.6, according to the procedure of 
Smithies (8). Under these conditions and a potential gradient of 6 volts 
per em. a single narrow protein band moved 4.4 em. during 6 hours.’ 

The enzyme has a typical protein absorption spectrum with end absorp- 
tion in the ultraviolet region and a single maximum at about 280 mu. 
The absence of appreciable amounts of nucleotides is indicated by the 
Boxy Kooy ratio of 1.6. As further indication of the absence of bound nu- 
cleotides, the enzyme retains activity upon treatment with charcoal. The 
enzyme is stable to dialysis against dilute buffers overnight at 4° and to 

* Additional amounts of erystalline enzyme may be obtained from the protein 
fraction precipitating at 0-0.30 ammonium sulfate saturation in the preceding step. 
This fraction is diluted to a protein concentration of 18 mg. per ml., solid ammonium 
sulfate is added to 0.45 saturation, the precipitate is discarded, and the preparation 
is allowed to stand at 0° for 3 days. 30 mg. of protein. specific activity 20, were ob- 
tained upon centrifugation. 

‘The authors are indebted to Dr. Walter D. Block for these determinations. 
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Fig. 2. Crystalline carbon dioxide-activating enzvme (X 1560) 


Fic. 3. Ultracentrifuge patterns of activating enzyme having a specific activity 
of 39. The enzyme at « concentration of 9.6 mg. per ml. in 0.05 w Tris buffer, pH 
S.1, was centrifuged at 59.780 ropim. at 4°. The time intervals are 30) minutes 
(right figure) and 60 minutes Cleft figure). 


storage at O° as a suspension in 50 per cent ammonium sulfate solution. 
Acetone powder extracts and alcohol-potassium chloride extracts of tissues 
contain less of the enzyme than does the buffer extract deseribed above. 
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Optimal pH—The activating enzyme has maximal activity in the hy- 
droxylamine assay at about pH 6.5, as shown in Fig. 4, with appreciable 
activity in the broad range pH 5.2 to 9.0. It should be noted that in the 
standard assay in which hydroxylamine hydrochloride is employed the 
pH of both the complete reaction mixture containing bicarbonate and the 
control reaction mixture containing Tris buffer is 6.5 as determined with 
the glass electrode. No significant change in pH occurs during the incu- 
bation. 

Effect of Substrate Concentration on Enzyme Activity—The effect of the 
concentration of the components of the assay system on the activity of the 


( 


oO 
~ 


8 
pH 

Fic. 4. Activity of carbon dioxide-activating enzyme as a function of pH. The 
standard assay was employed with recrystallized enzyme, except that neutralized 
hydroxylamine (adjusted to pH 7) was used rather than hydroxylamine hydro- 
chloride, and the following buffers were employed: acetate (pH 5.2, 5.8, 6.5) and 
Tris (pH 7.0, 8.1, 9.0). The pH values of the complete reaction mixtures were 
determined with the glass electrode. 


PYROPHOSPHATE LIBERATED (M4 MOLES) 


enzyme is indicated in Fig. 5. (The enzyme is most active in the presence of 
zinc ions. Manganous and magnesium ions are less effective, even at 
higher concentrations. ATP was found to be somewhat inhibitory in con- 
centrations higher than that employed in the standard assay, whereas 
hydroxylamine shows no inhibitory effect at a concentration as high as 
0.33 mM. The K,, values, determined by the method of Lineweaver and 
Burk (9), were found to be 1.6 & 10-* m for ATP (with total bicarbonate 
at 0.17 Mm) and 8.5 & 10-? om for bicarbonate (with ATP at 0.033 mM). Since 
itis not known whether carbon dioxide, carbonic acid, or bicarbonate is the 
actual substrate in this or other enzymatic carboxylations, the A,, has been 
calculated for total bicarbonate added. The K,, would obviously be a 
much smaller value if calculated for carbon dioxide, for example. No 
special precautions need be taken to exclude dissolved carbon dioxide from 
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the reagents employed in the enzyme assay, since a relatively large amount 
of bicarbonate must be added to saturate the system. 

Distribution of Enzyme—-Quantitative determination of the carbon 
dioxide-activating enzyme in crude extracts of most organisms is difficult 
because of the presence of ATPase and pyrophosphatase. lor this reason, 
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Fic. 5. Effect of concentration of assay components on enzyme activity. The 
standard assay was employed with 30 y of crystalline carbon dioxide-activating 
enzyme and with the individual components at varying concentrations as indicated 
in the figure, but with the other components at the concentrations specified in the 
standard assay. Neutralized hydroxylamine was employed in determining the effect 
of hydroxylamine concentration; the pH of the complete reaction mixtures was 8.1. 
In determining the effect of bicarbonate concentration, Tris buffer, pH 8.1, was 
added as necessary so that each reaction mixture had a total of 500 umoles of bi- 
carbonate and Tris combined, and the pH was maintained at 6.5 in each instance. 
In determining the effect of zinc and ATP concentrations, the pH of the complete 
reaction mixtures was 6.5, as in the standard assay. 


most of the values recorded in Table II were determined after the extracts 
had been carried through the ammonium sulfate, gel, and heating steps known 
to remove these enzymes from the heart activating enzyme preparation. 
In the absence of information as to how the activating enzyme in many of 
these sources responds to such procedures, the results probably provide 
only a rough indication of its actual concentration. It is evident, however, 
that the enzyme is widespread in animal tissues and is also present in cer- 
tain microorganisms as well as in a green plant (spinach leaf). Although 
Rhodospirillum rubrum and Escherichia coli extracts appear to be a rich 
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source of the enzyme, Neurospora crassa and Penicillium notatum extracts 
appear to contain little or none. 


Table II 
Distribution of Carbon Dioxide-Activating Enzyme 


Specific activity 


— | | Partially purified 
| Extract | preparation 

Bakers’ yeast (Fleischmann)...................... | | 0.40*F 


The various animal tissues and spinach leaf were extracted with Tris buffer and 
bicarbonate according to the procedure described for pig heart. ‘These extracts were 
then carried through the first ammonium sulfate fractionation, treatment with gel, 
second ammonium sulfate fractionation, and heating steps described in the text in 
order to remove pyrophosphatase, ATPase, and myokinase. These enzyme prep- 
arations were assayed by the bicarbonate-dependent liberation of pyrophosphate 
from ATP in the presence of hydroxylamine according to the standard procedure. 
Lyophilized preparations of FZ. coli B (grown in a medium containing glucosamine 
as the sole carbon source), NV. crassa, and P. notatum were extracted by grinding 
with alumina in a mechanical mortar in the presence of 0.05 m Tris buffer, pH 8.1. 
In order to determine pyrophosphate liberation in these three extracts, 50 umoles of 
fluoride were incorporated into the reaction mixture to inhibit pyrophosphatase. 
The activity of the Z. coli preparation may be attributed to the carbon dioxide- 
activating enzyme because fluorokinase (10) is inhibited by hydroxylamine. For 
the preparation of R. rubrum and yeast extracts the harvested cells were suspended 
in 0.1 m Tris buffer, pH 8.1, containing 0.001 m glutathione, treated in a Nossal dis- 
integrator for 90 seconds, and then centrifuged. 

* The specific activity, based on phosphate liberation, is calculated as pyrophos- 
phate. 

t In assaying the yeast extract 20 umoles of magnesium chloride were substituted 
for zine acetate, and hydroxylamine was omitted from the reaction mixture (see the 
text). 


The values recorded in Table II represent in all cases the bicarbonate- 
dependent cleavage of ATP in the hydroxylamine assay. As stated above, 
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this reaction in heart preparations is completely dependent upon the pres- 
ence of hydroxylamine. On the other hand, extracts of pig brain, chicken 
liver, R. rubrum, and yeast have been found in some instances to catalyze 
the bicarbonate-dependent liberation of pyrophosphate (or phosphate in 
the presence of pyrophosphatase) when hydroxylamine is omitted from the 
reaction mixture. No satisfactory explanation has yet been obtained for 
this difference. 


Methods 


The concentration of the ammonium sulfate solutions is expressed in all 
cases as gm. per ml., the concentration at saturation at 0° being 0.526 gm. 
per ml. The protein concentration of the enzyme solutions was deter- 
mined spectrophotometrically at 280 and 260 mu, with a correction for the 
nucleic acid content (11). Crystalline ATP was a commercial product. 

A culture of R. rubrum was kindly furnished by Dr. A. 5S. Sussman, 
lyophilized preparations of F. colt and P. notatum by Dr. 8. Roseman, and 
N. crassa by Dr. H. J. Blumenthal. Pig heart tissue was generously do- 
nated by the Peters Sausage Company of Ann Arbor. 


The authors wish to acknowledge the technical assistance of Mrs. Mary 
Januszka. 


SUMMARY 


1. The isolation of the carbon dioxide-activating enzyme in crystalline 
and apparently homogeneous form from pig heart is described. The en- 
zyme, which requires zinc ions for activity, is assayed by the carbon diox- 
ide- and hydroxylamine-dependent liberation of pyrophosphate from 
adenosine triphosphate (ATP). 

2. The enzyme is active in the range pH 5.2 to 9.0, with maximal activity 
at pH 6.5. The K,, values are 1.6 X 10-* m for ATP and 8.5 X 10°? M 
for bicarbonate. The latter value is based on total bicarbonate added, in 
the absence of information as to whether the reactive species is carbon 
dioxide or bicarbonate ion. 

3. The activating enzyme is also present in extracts of brain, kidney, 
liver, and skeletal muscle, as well as spinach leaf, Escherichia coli, Rhodo- 
spirillum rubrum, and bakers’ yeast. 
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METABOLISM OF DIAMINES AND POLYAMINES IN 
MICROORGANISMS* 


By ROBERT H. WEAVERT ano EDWARD J. HERBST 


(From the Department of Biological Chemistry, University of Maryland, School of 
Medicine, Baltimore, Maryland) 


(Received for publication, October 31, 1957) 


Hemophilus parainfluenzae requires one of several diamines or polyamines 
for growth (1-3). These compounds all contain either a trimethylene- 
diamine or tetramethylenediamine unit and include putrescine, 1,3- 
propanediamine, N-(4-aminobutyl)-1 ,4-butanediamine, N-(3-aminopro- 
pyl)-1,3-propanediamine, spermidine, and spermine. Similar amine 
requirements have been demonstrated for other microorganisms. Several 
strains of Neisseria perflava have an amine requirement which can be 
satisfied by a number of compounds, including putrescine and spermidine 
(4), and a mutant of Aspergillus nidulans requires putrescine or spermi- 
dine for growth (5). Spermine is growth-stimulatory to several strains of 
Pasteurella tularensis (6), and spermidine stimulates the growth of E’scheri- 
chia coli under certain conditions (7, 8). 

Since the amine requirement of H. parainfluenzae can be fulfilled by such 
au variety of amines, it was desirable to see whether these compounds are 
all utilized as such or whether they are converted to some common factor, 
eg. diamine, during growth. Methods were developed for analyzing 
relatively small amounts of material for diamines and polyamines, and these 
techniques were used to study the distribution and metabolism of these 
compounds in H. parainfluenzae and other microorganisms, particularly 
those with an amine requirement. 

Evidence is presented which shows that H. parainfluenzae and some 
other organisms degrade certain polyamines to diamine during growth. 


Methods 


Organisms and Growth of Cells—H. parainfluenzae (ATCC 7901) was 
grown in a complex synthetic medium described previously (3). A culture 
of N. perflava was obtained from Dr. M. J. Pelezar, Department of Bac- 


* Presented in part at the fortieth meeting of the Federation of American Societies 
for Experimental Biology at Atlantic City, April, 1956. This investigation was sup- 
ported by grant No. E-1185 from the Institute of Allergy and Infectious Diseases of 
the National Institutes of Health, Publie Health Service. 

t This material is taken from a thesis presented to the Graduate School of the Uni- 
versity of Maryland by Robert H. Weaver in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy in Biochemistry. 
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teriology, University of Maryland, College Park. N. perflava, Pseudo- 
monas aeruginosa, E. coli (strain B), and Saccharomyces cerevisiae were 
grown in the H. parainfluenzae medium, and P. tularensis (strain 176), 
obtained from Dr. A. Traub, Israeli Institute for Biological Research, 
Ness-Ziona, Israel, was cultured according to Traub et al. (6). A. nidu- 
lans (mutant pu;) was obtained from Dr. P. H. A. Sneath, National In- 
stitute for Medical Research, Mill Hill, London, and was grown accord- 
ing to Pontecorvo et al. (9). Azotobacter vinelandii (strain O), obtained 
from Dr. 8. Ochoa, New York University College of Medicine, New York, 
was grown in Burk’s medium according to Grunberg-Manago et al. (10). 
Neurospora crassa, obtained from Dr. A. Nason, McCollum-Pratt In- 
stitute, Baltimore, was grown in the medium described by Nason and 
Evans (11). The cells were usually grown in 2 or 3 liter volumes with 
shaking. The gram-negative bacteria were harvested in 24 to 48 hours, 
but the other organisms usually required longer incubation periods to 
reach maximal growth. The cells were collected in a refrigerated Sharples 
centrifuge, washed once with cold 0.033 mM phosphate buffer, and resus- 
pended in cold water. 

Preparation of Cell Extracts—Sonic extracts of the gram-negative bacteria 
were prepared by treatment of the aqueous cell suspensions in either a 
9 ke. or 10 ke. Raytheon sonic oscillator. A. nidulans and N. crassa 
were extracted by boiling the suspensions for 15 minutes in 5 per cent 
trichloroacetic acid. S. cerevisiae cells were disrupted according to La- 
manna and Mallette (12). Extracts of animal tissues were prepared by 
homogenization in either a Waring blendor or VirTis high speed homoge- 
nizer. Protein-free filtrates of the extracts were prepared by precipi- 
tation of the protein from 5 per cent trichloroacetic acid. After removal 
of the protein by centrifugation and the excess acid by ether extraction, 
the extracts were adjusted to a volume of approximately 30 ml. either by 
concentration, by evaporation on a steam bath, or by dilution with H,0. 

Amine Analysis of Extracts—The protein-free cell extracts were steam- 
distilled from 50 per cent alkali as described by Dudley et al. (13). 2 
liters of distillate were collected routinely. The distillate was acidified 
with HCl and evaporated to dryness on a steam bath. The residue was 
dissolved in 0.5 to 2 ml. of H.O, depending on the amine content of the 
distillate. The solutions were then subjected to paper electrophoresis 
under conditions which adequately separate diamines and polyamines 
(14). Aliquots of 0.005 to 0.03 ml. of the solutions were usually applied 
to the paper strips, which were stained with ninhydrin for qualitative 
observation, and the individual amines on the strips were estimated 
quantitatively by the ninhydrin method of Kay et al. (15). This amino 
acid method will detect as little as 0.01 umole of amine and the absorption 
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is linear up to a concentration of 1.5 umoles. Standard curves were estab- 
lished for each amine. Optical measurements were made with a Beckman 
model DU spectrophotometer. 

Experiments with Putrescine-1 ,4-C'*—A sample of putrescine-1 ,4-C'™ was 
kindly supplied by Dr. H. Tabor of the National Institutes of Health, 
Bethesda. Putrescine analyses were made by microbiological assay with 
H. parainfluenzae (3) and by the 1-fluoro-2,4-dinitrobenzene method of 
Rosenthal and Tabor (16). Aliquots of samples for C'™ determination 
were evaporated to dryness on aluminum planchets by means of an in- 
frared lamp and counted with a gas flow counter. All counts were obtained 
with a 90 per cent probability of error of 4 per cent or less. 


Results 


Degradation of Polyamines by H. parainfluenzae—In order to see whether 
diamine and polyamine growth factors are altered by H. parainfluenzae 
during growth, cells were grown in medium containing one of the com- 
pounds, and the cellular amine content was then determined. The results 
are shown in Table I. The data indicate that this organism degrades the 
polyamines spermine and spermidine to 1 ,3-propanediamine during growth. 
A similar degradation occurs with N-(4-aminobutyl)-1 ,4-butanediamine 
since cells grown on this compound contain predominantly putrescine. 
In contrast, N-(3-aminopropyl)-1 ,3-propanediamine is not appreciably 
degraded, since only a relatively small amount of 1 ,3-propanediamine is 
produced by cells grown on this compound. ‘The results also show that 
putrescine is not utilized, at least to a measurable extent, for spermidine or 
spermine synthesis as it is in FH. coli and A. nidulans (17). However, 
cells grown on 1,3-propanediamine contain a small amount of spermidine. 
This indicates that, while the equilibrium of the enzymatic reaction re- 
sponsible for the degradation of the polyamines is far towards 1 ,3-pro- 
panediamine, the reaction is reversible. Regardless of the amine supplied 
in the medium, the cells usually contain small amounts of putrescine. 
This indicates that putrescine is synthesized by growing cells although the 
organism has a strict amine requirement. This has been substantiated 
by experiments with C-labeled putrescine. The data in Table II show 
that there is a significant dilution of putrescine-1,4-C™ by growing cells of 
H. parainfluenzae. 

Electrophoresis of the steam distillates in sulfosalicylate buffer, another 
system which adequately separates these compounds (14), gave results 
which were identical with those with citrate buffer. 

Upon electrophoresis of steam distillates of bacterial extracts, essentially 
the only ninhydrin-positive spots on the paper strips are those correspond- 
ing to H. parainfluenzae growth factors with the exception of a compound 
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which migrates much more slowly than these compounds and one which 
moves slightly farther than putrescine. The slow moving compound has 
not been identified, but through paper electrophoresis experiments. the 
other compound has been tentatively identified as ethanolamine. 
Degradation of Polyamines by N. perflava—Similar experiments were 
carried out with a strain of N. perflava which supposedly had a definite 
amine requirement. <A strict requirement, however, could not be demon- 
strated for this organism, since H. parainfluenzae growth factors were 


TABLE I 


Amine Content of H. parainfluenzae Cells after Growth 
on Various Diamines and Polyamines 


The cells were grown in synthetic medium containing 0.1 umole per ml. of the indi- 
cated amine. After steam distillation of protein-free extracts of the cells, the dis- 
tillates were analyzed by paper electrophoresis under the following conditions: 
buffer, 0.03 m citrate (pH 6.5); current, 300 volts; time, 5 hours; room temperature. 
The relative amounts of each amine on the paper strips were determined by the 
ninhydrin method and are expressed as mole fractions of the total amine growth 
factor activity of the cells. 


Mole fractions of total activity in cells 
Amine in medium ——- 

p* PD SD S ABBD APPD 


* The following abbreviations are used: P, putrescine; PD, 1,3-propanediamine; 
SD, spermidine; 8, spermine; ABBD, N-(4-aminobuty])-1,4-butanediamine; APPD, 


only growth-stimulatory. The amine pattern of this organism after 
growth with various amines in the medium is shown in Table III. These 
results are similar to those obtained with H. parainfluenzae: Spermine 
and spermidine are degraded to 1 ,3-propanediamine, there is no polyamine 
synthesis from putrescine, there is polyamine synthesis from 1 ,3-pro- 
panediamine, and there is some putrescine synthesis in all cases. 
Distribution of Amines in Other Microorganisms—Table IV shows the 
distribution of diamines and polyamines in a number of microorganisms. 
P. tularensis, the organism for which spermine is growth-stimulatory, 
normally synthesizes polyamine, but when grown in medium containing 
spermine the cells apparently degrade this polyamine to 1 ,3-propanedia- 
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mine. The cells, however, do contain a relatively high concentration of 
spermine when grown on this compound, in contrast to N. perflava and 
H. parainfluenzae. 


TABLE II 
Dilution of Putrescine-1,4-C' by Growing Cells of H. parainfluenzae 

The experiment was run in duplicate. H. paratnfluenzae cells were grown in 700 
ml. volumes of synthetic medium containing 0.1 umole of putrescine-1,4-C' per ml. 
After 48 hours growth, the cells were harvested by centrifugation, washed once with 
0.033 m phosphate buffer (pH 7.3), and suspended in 5 ml. of water. The cells were 
disrupted by sonic oscillation, and the protein was precipitated with 5 per cent tri- 
chloroacetic acid. After removal of the protein by centrifugation and the excess 
acid by extraction with ether, the extracts were concentrated to a volume of 2 ml. 
on a steam bath. They were then placed on ion exchange columns, and the eluate 
fractions containing the putrescine were collected. The eluates were sterilized by 
filtration through a Seitz bacterial filter. Aliquots of the eluates were counted for 
C' content and were assayed for putrescine content microbiologically and by the 
1-fluoro-2,4-dinitrobenzene method. The original putrescine solution was assayed 

microbiologically and counted for C! content. 


Putrescine 
Relat 
Sample Activity fan specific 
DNFB* Assayt | activity 
pmole per | pmole per | c.p.m. per C.p.m. per i ees 
ml, mil, mil. pmole 
Original solution{................ | 0.0504 3574 70,912 
Column eluate, Experiment 1..... 0.046 0.045 1162 25, 537 36 
a “ . 2.....| 0.068 | 0.071 | 1987 | 28,589 | 40 


* Analysis by the 1-fluoro-2,4-dinitrobenzene method. 
t Analysis by microbiological assay with H. parainfluenzae. 
t Aqueous solution of the dihydrochloride of putrescine-1,4-C". 


TaBLe III 


H. parainfluenzae Growth Factors in N. perflava Cells Grown in Presence 
of Various Amines 


The conditions and procedures are the same as in Table I. 


Mole fractions of total activity in cells 
Amine in medium 
P* PD SD S 


* Abbreviations as in Table I. 
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The putrescine-requiring mutant of A. nidulans contains spermine and 
spermidine when grown on putrescine. Tabor et al. (17) have shown that 
exogenous putrescine is utilized intact for the synthesis of these polyamines 
by this organism. The amine content of two typical gram-negative bac. 
teria, H. coli and P. aeruginosa, is shown in Table IV. Gram-negative 
bacteria, in general, contain relatively large amounts of total H. parain- 
fluenzae growth factor “activity” as determined by microbiological activity 
of cell hydrolysates (18). Most gram-positive bacteria contain little or 
no growth factor activity, while the activity in yeasts and molds is inter- 


TABLE IV 
Distribution of H. parainfluenzae Growth Factors in Various Microorganisms 


The same procedure as that in Table I was used except that the growth media 
contained no amine unless indicated. 


Mole fractions of total activity in cells 


Organism 
p* PD SD S 

P. tularensis 

No aminef 0.97 0.03 

Plus spermineft 0.06 0.10 0.04 0.80 
A. nidulans§ 0.48 0.44 0.08 
E. coli 0.94 0.06 
P. aeruginosa 0.45 0.32 0.23 
A. vinelandii 0.75 0.14 0.11 
S. cerevisiae 0.10 0.05 0.22 0.63 
N. crassa 0.10 0.04 0.86 


* Abbreviations as in Table I. 

t No amine in the growth medium. 

t The growth medium contained 0.1 wmole of spermine per ml. 

§ The growth medium contained 0.15 umole of putrescine per ml. 


mediate between that of the two groups of bacteria (18). The predominant 
compound in the gram-negative bacteria is putrescine while in the yeast, 
S. cerevisiae, and the mold, N. crassa, the principal amine components are 
polyamines (Table IV). The presence of small amounts of 1 ,3-propane- 
diamine in A. vinelandii, S. cerevisiae, and N. crassa suggests that these 
organisms metabolize polyamine to some extent in the manner illustrated 
by the experiments with H. parainfluenzae and N. perflava (Tables I and II). 

Distribution of Amines in Liver and Semen—An extensive investigation 
of the amine content of animal tissues according to these techniques has 
not been made, but, for comparison with the microbial analyses, Table V 
shows the distribution of H. parainfluenzae growth factors in liver of 
several species and in human semen. A number of studies of the distribu- 
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tion of spermine and spermidine in mammalian tissues have been made 
(13, 19-22, 16), but no data on the diamine content of animal tissues are 
available. The data in Table V show that, although the predominant 
amines in liver are spermine and spermidine, this tissue contains small, 
but significant, concentrations of putrescine and 1 ,3-propanediamine. 
The amine content of liver, therefore, is similar to that of the yeast S. 
cerevisiae. ‘The predominant compound in semen is spermine, but traces 
of spermidine, putrescine, and 1,3-propanediamine are present. Since 
these animal tissues contain 1 ,3-propanediamine, they too may metabolize 
polyamines by the same pathway as H. parainfluenzae and N. perflava. 


TABLE V 
Distribution of H. parainfluenzae Growth Factors in Liver and Semen 


Protein-free extracts of the tissues were steam-distilled and analyzed by paper 
electrophoresis as in Table I. 


Mole fractions of total activity in tissue 
Tissue Animal 
PD SD S 

Liver Steer 0.11 0.20 0.23 0.46 

" Rat 0.01 0.01 0.52 0.46 

" Guinea pig 0.03 0.04 0.29 0.64 
Semen Human 0.01 0.03 0.07 0.89 

* Abbreviations as in Table I. 
DISCUSSION 


The results presented in this paper show that H. parainfluenzae and other 
microorganisms degrade some polyamines to diamines during growth. 
The significance of this degradation, as related to the growth factor activity 
of these compounds, is in question. Since the large number of compounds 
which act as growth factors for this organism all contain either a trimethyl- 
enediamine or a tetramethylenediamine unit, one might suspect that 
amines other than putrescine and 1,3-propanediamine were converted to 
these compounds before use at the essential site. Since growing cells 
degrade spermine, spermidine, and N-(4-aminobuty])-1 ,4-butanediamine 
to diamine, this would indeed seem to be the case; however, N-(3-amino- 
propyl)-1 ,3-propanediamine, the most active compound in growth experi- 
ments (3), is not appreciably degraded during growth. Although the 
polyamine N-(3-aminopropyl)-1 ,5-pentanediamine, another H. parain- 
fluenzae growth factor, was not tested for degradation in growth experi- 
ments, it too is probably not degraded since it is not oxidized by the poly- 
amine-degrading enzyme of N. perflava (23). This indicates that the 
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intact molecules of these two propanediamine derivatives can function in 2. 
promoting growth of H. parainfluenzae. The active polyamines which grow 
are degraded by growing cells may also function before degradation in | y-(4 
promoting growth of the organism, or, on the other hand, the degradation | put 
of these compounds to diamine may be requisite for their activity as growth | duri 
factors. 3. 

Regardless of the significance of the degradation of these polyamines in 4. 
relation to their growth factor activity, there is evidence that this degrada- | jg ps 
tion by H. parainfluenzae and N. perflava cells results in detoxication of 5. 
these compounds. While spermine is growth-inhibitory or even bacteri- | thes 
cidal to a large number of both gram-positive and gram-negative bacteria | dom 
(24-27), this compound, as well as spermidine, is completely non-toxic to | Poly 
H. parainfluenzae and N. perflava. In contrast, the polyamine N-(3-amino- | Veu 
propyl)-1 ,3-propanediamine which is not degraded by growing cells is pan 


highly toxic to H. parainfluenzae (3). com 

The data indicate that the metabolism of these compounds by N. perflava | 1,3- 
is analogous to that of H. parainfluenzae. The amine metabolism of these 6. 
two organisms, however, is apparently different from that of many other | ther 
microorganisms, at least in relation to the cellular content of these com- | the 


pounds. Many gram-negative bacteria apparently do not store measurable 
amounts of polyamines (18), and the amine metabolism of these organisms 
may be similar to that of H. parainfluenzae and N. perflava. Other gram- 1 
negative bacteria such as EF. coli, P. aeruginosa, and A. vinelandii, however, 2 
do contain polyamines, and the polyamine metabolism in these organisms ; 
may differ from that of other gram-negative bacteria. Although P. 5. 
tularensis also degrades spermine to 1 ,3-propanediamine, there are apparent 6 
differences in the amine metabolism of this organism and that of H. para- 7 
influenzae and N. perflava, since it normally synthesizes polyamine. In | § 
addition, spermine is much more growth-stimulatory to this organism | ’ 


. 


than are other H. parainfluenzae growth factors (6). 10. 
The presence of 1,3-propanediamine in some microorganisms and 

mammalian tissues is of interest since this is apparently the first observation il. 

of the natural occurrence of this compound. A possible source of this a 


diamine in these cells is spermine or spermidine since it is a product of the 
degradation of these polyamines by H. parainfluenzae and other micro- lf. 
organisms. 


15. 

SUMMARY 
1. The metabolism of the diamine and polyamine growth factors of | '* 
Hemophilus parainfluenzae was studied in this organism. Similar studies | 47, 


on the distribution and metabolism of these compounds in other micro- | 18. 
organisms were carried out. 


ich 
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9 H. parainfluenzae degrades some polyamines to diamine during 
growth. Spermine and spermidine are degraded to 1 ,3-propanediamine. 
y-(4-Aminobutyl)-1 ,4-butanediamine is broken down to_ putrescine, 
but N-(3-aminopropyl)-1 ,3-propanediamine is not appreciably degraded 
during growth. 

3. Similar polyamine degradations were observed with Neisseria perflava. 

4, Pasteurella tularensis synthesizes spermidine, but exogenous spermine 
is partially degraded to 1 ,3-propanediamine. 

5. H. parainfluenzae and N. perflava do not synthesize polyamines, but 
these compounds are present in some gram-negative bacteria. The pre- 
dominant compound in gram-negative bacteria, however, is putrescine. 
Polyamines are the predominant compounds in Saccharomyces cerevisiae, 
Neurospora crassa, and mammalian liver, while putrescine and 1,3-pro- 
panediamine occur at lower concentrations. Spermine is the primary 
component in human semen, but traces of spermidine, putrescine, and 
| ,3-propanediamine are present. 

6. Although H. parainfluenzae has a definite putrescine requirement, 
there is a significant synthesis of this amine by growing cells as shown by 
the dilution of putrescine-1 ,4-C", 
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THE OXIDATION OF POLYAMINES 
BY NEISSERIA PERFLAVA* 
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Medicine, Baltimore, Maryland) 
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Neisseria perflava and Hemophilus parainfluenzae degrade spermine and 
spermidine to 1,3-propanediamine during growth (1). One or both of 
these polyamines are essential growth factors or are growth-stimulatory 
to a number of microorganisms (2-8), and these compounds occur in 
many microorganisms (1) and in most mammalian tissues (9). 

There have been few studies on the enzymatic degradation of polyamines. 
Hirsch (10) reported the oxidation of spermine and spermidine by beef or 
sheep serum, and Tabor et al. (11) purified an enzyme from beef plasma 
which oxidizes these compounds as well as a number of monoamines. 
Silverman and Evans (12) showed that Pseudomonas pyocyanea could 
oxidize spermidine, and some diamine oxidase preparations are slightly 
active on spermine (13). 

This paper is concerned with the oxidation of polyamines by an enzyme 
from N. perflava. The enzyme is adaptive in nature and oxidatively 
degrades a number of polyamines with the stoichiometric formation of a 
diamine, an aldehyde, and hydrogen peroxide. This enzyme differs from 
plasma amine oxidase in its substrate specificity and in the products of the 
reaction. 


EXPERIMENTAL 


Materials—Spermine was obtained from Hoffmann-La Roche, Inc. 
Spermidine, N-(3-aminopropyl)-1,3-propanediamine, and WN-(3-amino- 
propyl)-1,5-pentanediamine were synthesized by Dr. Aldo M. Pulito, 
The Ames Laboratories, Inc., South Norwalk, Connecticut. N-(4-Amino- 
butyl)-1 ,4-butanediamine was kindly supplied by Dr. E. A. Zeller, North- 
western University Medical School, Chicago, and n-butylamino-1 ,4- 
butanediamine was synthesized by Dr. L. H. Amundsen, University of 


* This investigation was supported by grant No. E-1185 from the Institute of Al- 
lergy and Infectious Diseases of the National Institutes of Health, Public Health 
Service. 

t This material is taken from a thesis presented to the Graduate School of the Uni- 
versity of Maryland by Robert H. Weaver in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy in Biochemistry. 
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Connecticut, Storrs. The ethylenediamine derivatives were obtained 
from the Carbide and Carbon Chemicals Corporation. The amines were 
used as neutral solutions of the hydrochlorides. 

Purified horse radish peroxidase was obtained from the Worthington 
Biochemical Corporation. 

Preparation of Cells and Cell Extracts—N. perflava, obtained from Dr, 
M. J. Pelezar, Department of Bacteriology, University of Maryland, 
College Park, was used as the enzyme source. A synthetic growth medium 
(3) was used, since cells grown in crude medium (peptone-yeast) yielded a 
much lower enzyme activity. The enzyme is adaptive in this organism 
and was induced by adding spermine to the growth medium. An inoculum 
was prepared by growing cells in a 30 ml. volume for 24 hours at 34°. 
This volume was then transferred to 3 liters of medium in a 6 liter Florence 
flask containing 0.5 umole of spermine per ml. After incubation for 18 
hours at 34° with shaking, the cells were harvested in a refrigerated Sharples 
centrifuge and washed once with 0.033 mM phosphate buffer (pH 7.3). 
Cold water was then added to form a thick suspension which was im- 
mediately and rapidly frozen and lyophilized to dryness. The cells were 
stored in a desiccator at — 10°, and the enzyme is stable for months under 
these conditions. Lyophilized cell suspensions can be used without further 
treatment in enzyme experiments, but a cell-free extract prepared by sonic 
oscillation was used in most experiments. Suspensions containing 20 mg. 
of lyophilized cells per ml. in either distilled water or 0.02 M potassium 
phosphate buffer (pH 7.0) were treated for 10 minutes in a 10 ke. Ray- 
theon oscillator which was cooled with ice water. The extracts were 
dialyzed for 18 hours at 5° against 100 volumes of either water or phosphate 
buffer and then centrifuged at 15,000 X g for 30 minutes at 0°. The super- 
natant fluids containing the enzyme were usually used immediately, but 
they can be frozen and stored at —10° with little loss of activity, at least 
in the Ist few days. 

Enzyme Assay—Enzyme activity was measured manometrically with a 
conventional Warburg apparatus at 37.1°; the gas phase was air. The 
incubation mixtures usually contained 1 ml. of dialyzed N. perflava sonic 
extract (equivalent to 20 mg. of cells), 60 umoles of potassium phosphate 
buffer (pH 7.0), and 4 wmoles of spermine hydrochloride (added from the 
side arm after equilibration) in a total volume of 3 ml. The rate of oxygen 
uptake was measured, and the activity is usually expressed as microliters 
of oxygen consumption per 20 mg. of cells in the initial 30 minutes. 

General—Ammonia was determined by Conway’s method (14). Paper 
electrophoresis was carried out as described previously (15) with 0.03 m 
citrate buffer. 1,3-Propanediamine on paper electrophoresis strips was 
determined by a ninhydrin method used previously (1). 
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Results 


Spermine Oxidation—F ig. 1 shows the oxidation of spermine by a sonic 
extract of spermine-adapted N. perflava cells. Spermine oxidation under 
these conditions is linear almost to the end of the reaction. The enzyme 
preparations used in most other experiments had a higher activity than 
that used in Fig. 1. Although the enzyme would appear to be saturated 
initially in this experiment, higher spermine concentrations (6 to 8 umoles 
per flask) gave a slight increase in the oxidation rate. However, incon- 


20 40 60 80 100 120 . 55 60 65 70 75 80 
TIME (MIN.) pH 
Fig. 1 Fig. 2 

Fic. 1. The oxidation of spermine by a cell-free extract of spermine-adapted \. 
perfava. The system contained 1 ml. of dialyzed N. perflava sonic extract (equiva- 
lent to 20 mg. of cells), 60 umoles of potassium phosphate buffer (pH 7.0), and 4 uwmoles 
of spermine hydrochloride (added from the side arm after equilibration) in a total 
volume of 3 ml.; KOH was in the center well. 

Fic. 2. The effect of pH on spermine oxidation by a cell-free extract of spermine- 
adapted N. perflava. The conditions were the same as in Fig. 1. 


sistencies result with higher spermine concentrations; this may be due to 
the low solubility of spermine phosphate. 

pH Optimum—The enzyme in a cell-free extract has an optimal pH of 
6.8 to 7.0 as shown in Fig. 2. 

Inhibitors—The effect of a number of carbonyl reagents which are com- 
mon inhibitors of amine oxidases (13) was tested on this enzyme. The 
results are shown in Table I. The enzyme is apparently a typical amine 
oxidase since it is sensitive to these reagents at appropriate concentrations. 

Substrate Specificity—-A number of monoamines, diamines, and poly- 
amines were tested as substrates for the enzyme. None of a series of 
aliphatic monoamines from methylamine to amylamine was oxidized. 
Benzylamine, a good substrate for plasma amine oxidase (11), was not 
oxidized by the N. perflava enzyme. A series of aliphatic diamines from 
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ethylenediamine to hexamethylenediamine was also tested. None of these 
compounds was oxidized to a measurable extent. Table I] shows the 


TaBLe I 
Effect of Carbonyl Reagents on Spermine Oxidation 


The reaction mixtures contained dialyzed N. perflava sonic extract (equivalent to 
20 mg. of cells), 50 umoles of potassium phosphate buffer (pH 7.0), and inhibitor in a 


volume of 2.8 ml. After equilibration for 15 minutes, 4 ~moles (0.2 ml.) of spermine 
were added from the side arm. Other conditions were the same as in Fig. 1. Oxy- 
gen consumption was measured for 30 minutes. 


Substance Concentration Inhibition 

mole per liter per cent a 
Cyanide 1 X 10° 94 

1 X 10°? 100 
Hydroxylamine 4X 66 

4X 10-3 100 
Semicarbazide 4X 27 

4X 10-** 100 


* Caused a precipitation in the reaction mixture. 


TaBLe II 


Relative Rates of Oxidation of Polyamines by Cell-Free Extract of 
Spermine-Adapted N. perflava 
The conditions were essentially the same as in Fig. 1, except that 4 wmoles of the 
respective substrate were added after equilibration. The initial rates are expressed 
as microliters of oxygen consumption per 20 mg. of cells in the initial 30 minutes. 


Compound No. Relative rate 
1 H.N (CH2)2NH(CH2)2NH2 +* 
2 H2N He + 
3 H.N He + 
4 + 
5 H.N (CH:2)sNH(CH2)3N He + 
6 H.2N 12 
7 (CH2)sNH(CH2)sN He + 
8 H2N He 7 


* + indicates 0 to 1 ul. of oxygen consumption. 


relative rate of oxidation of a number of polyamines. Only three of the 
polyamines tested were oxidized to an appreciable extent, but the results 
give some insight into the essential structure characteristics of the substrate. 
Since spermine (Compound 9), spermidine (Compound 6), and N-(4 
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aminobutyl)-1 ,4-butanediamine (Compound 8) are oxidized, while there 
is no activity on N-(3-aminopropy])-1 ,3-propanediamine (Compound 5) 
or N-(3-aminopropy]l)-1 ,5-pentanediamine (Compound 7), the substrate 
must contain a 4-carbon diamine unit. Furthermore, since putrescine 
(1,4-butanediamine) is not oxidized, the 4-carbon diamine unit must be 
N-substituted. Since N-butylputrescine (Compound 4) is not oxidized 
and the N-aminoalkylputrescines (Compounds 6, 8, and 9) are oxidized, 
the side chain must have an amino group. Since the enzyme is most 


TaBLeE III 


Stoichiometry of Oxygen Consumption, Ammonia Production, and Propanediamine 
Production 


Conditions for the measurement of oxygen consumption were essentially the same 
as in Fig. 1. After the reaction was complete, the protein was precipitated with 
trichloroacetic acid and removed by centrifugation. Other determinations were 
carried out on the protein-free filtrate after extraction of the excess acid with ether. 
In the Conway method, KOH was used for alkalination, and the ammonia was ti- 
trated with HCl after absorption into borate buffer. 1,3-Propanediamine was de- 
termined by electrophoresis of 0.05 ml. aliquots of the samples followed by quantita- 
tive estimation by the ninhydrin method. 


Substrate O2 consumption | NH; production | PD* production 
pumoles patoms pmoles pmoles 
Spermine 4 3.7t 0 4.1 
Spermidine 4 3.2t 3.6} 3.8 


*PD = 1,3-propanediamine. 

t The oxygen consumption in the basic reaction is probably twice this figure. 
See the text for an explanation. 

t It is doubtful that this was actually ammonia. Under the conditions used in 
the Conway determination, low molecular weight amines or amine derivatives react 
like ammonia. In addition, since the reaction apparently involves only one oxida- 
tive step and since 1,3-propanediamine is a product of the reaction, it seems unlikely 
that any ammonia could be formed except by a non-oxidative reaction. 


active on spermine (Compound 9), the putrescine unit obviously can be 
NV ,N’-disubstituted. 

Stoichiometry——The data in Table III indicate that 1 watom of oxygen is 
consumed per micromole of spermine or spermidine oxidized. Most amine 
oxidases studied previously were shown to form hydrogen peroxide as a 
product (11, 13, 16-19). If this enzyme were a typical amine oxidase, 
the theoretical oxygen consumption should be 1 wmole per umole of sub- 
strate oxidized. It was suspected that hydrogen peroxide was being 
formed but was being destroyed by endogenous catalase, thus releasing 
1 yatom of oxygen per micromole of peroxide; this would account for the 
observed oxygen uptake. By using the assay method of Herbert and 
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Pinsett (20), sonic extracts of N. perflava cells were shown to have a very 
active catalase. The formation of hydrogen peroxide in the reaction 
mixture was shown indirectly by a coupled reaction involving peroxidase 
and a suitable acceptor as described by Kohn (19). As seen in Fig. 3, 
the addition of the peroxidase system to the reaction mixture resulted in 
almost a 2-fold increase in oxygen consumption. A primary product of 
the reaction, therefore, is probably hydrogen peroxide, and the oxygen 
consumption in the basic reaction is | umole per umole of substrate. 

1 umole of 1,3-propanediamine is produced per micromole of either 
spermine or spermidine oxidized (Table III). Spermine could theoretically 
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10 30 50 70 90 
TIME (MIN) 

Fic. 3. The effect of peroxidase on the oxygen consumption during spermine oxi- 
dation by N. perflava. The reaction mixture in the lower curve (O) was the same as 
in Fig. 1. In the upper curve (@) 0.1 mg. of peroxidase and 20 wmoles of resorcinol 
were added to the main compartment. A control containing peroxidase and resor- 
cinol without spermine showed no oxygen consumption. 


yield 2 umoles of the diamine, but the detection of only 1 is in agreement 
with the data on oxygen consumption, which indicates that only one 
oxidation is involved. 

From the data on oxygen consumption and 1 ,3-propanediamine pro- 
duction, the oxidation of spermine and spermidine might proceed according 
to the following equation: 


+ + — RCHO + + 


According to the above equation, y-aminobutyraldehyde would be formed 
in the oxidation of spermidine. This compound is a product of the action 
of diamine oxidase on putrescine and undergoes a spontaneous cyclization 
under physiological conditions to form A'-pyrroline (21-23). Since no 
aldehyde could be detected by the 2,4-dinitrophenylhydrazine method of 
Friedemann and Haugen (24) on the reaction mixture after spermidine 
oxidation, a similar cyclization might take place in this case. Similarly, 
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if the equation postulated above is correct, the other product of spermine 
oxidation would be N-(3-aminopropyl)-y-aminobutyraldehyde. This 
compound might undergo a cyclization similar to that of y-aminobutyralde- 
hyde to form N-(3-aminopropyl)-A?-pyrroline. A chemical oxidation of 
spermine analogous to that postulated for this enzyme reaction has been 
reported. Wrede et al. (25) identified 1,3-propanediamine and N-(3- 
aminopropyl)-A-pyrroline (the position of the double bond was not estab- 
lished) as products of the oxidation of spermine by air in the presence of 
copper powder. This oxidation was carried out with minor changes, and 
the products of the reaction were compared with those of the enzymatic 
oxidation of spermine. Electrophoresis of the reaction mixture after the 
enzymatic oxidation of spermine reveals a ninhydrin-positive compound on 
the paper strips with electrophoretic properties identical with those of the 
cyclic compound resulting from the oxidation of spermine with air. 


DISCUSSION 


The polyamine oxidase of N. perflava differs from amine oxidases de- 
scribed previously. While it apparently catalyzes a typical amine oxidase 
reaction, it is distinguished by its substrate specificity. The enzyme 
preparation was inactive on all the monoamines and diamines tested and 
therefore has no monoamine oxidase or diamine oxidase activity. It 
also differs from the plasma amine oxidase studied by Tabor et al. (11) 
which oxidizes spermine and spermidine. The latter enzyme is also 
active on a number of monoamines, and the evidence indicates that only 
one enzyme is involved. In addition, the stoichiometry of the degradation 
of spermine and spermidine by the N. perflava enzyme differs markedly 
from that of plasma amine oxidase. On spermine oxidation by the latter 
enzyme, 2 moles of oxygen are consumed with the formation of an amino- 
aldehyde, hydrogen peroxide, and putrescine (11, 26). In addition, 
spermidine is an intermediate in the oxidation of spermine (11). This 
degradation, therefore, obviously involves a different attack on the sper- 
mine molecule from that of the N. perflava system. | 

The results of the studies on the substrate specificity of the N. perflava 
enzyme are in agreement with those from studies on the degradation of 
polyamines by growing cells of N. perflava and H. parainfluenzae (1). 
Spermine, spermidine, and N-(4-aminobutyl)-1,4-butanediamine, all 
substrates for the enzyme system, are degraded to diamine during growth, 
while N-(3-aminopropyl)-1 ,3-propanediamine, a compound which is 
not oxidized by the enzyme system, is not appreciably degraded by grow- 
ing cells. The metabolism of the products of polyamine degradation by 
these organisms remains to be investigated. The product, in addition to 
1 ,3-propanediamine, of spermine degradation by H. parainfluenzae and 
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N. perflava is metabolized by growing cells, since it does not accumulate in 
growth experiments (1) as it does in the enzyme reaction mixture. The 
role of this enzyme in microbial metabolism is not clear, but it does serve to 
detoxify polyamines (1). 

The inhibition of this enzyme by carbonyl reagents indicates that an 
active carbonyl group is present on the enzyme or coenzyme. ‘Tabor et al. 
(11) suggested that the coenzyme of plasma amine oxidase might be 
pyridoxal phosphate, and Davison (27) has obtained some evidence which 
indicates that pyridoxal phosphate may be involved in diamine oxidase 
action. 

A thorough study of the distribution of this enzyme has not been made. 
Evidence has been obtained which indicates that the enzyme can be in- 
duced in Pasteurella tularensis as well as in N. perflava and H. parainfluenzae 
(1). The observation that yeast, Azotobacter vinelandii, Neurospora 
crassa, and some mammalian tissues contain 1,3-propanediamine (1) 
suggests that the enzyme may be more widely distributed. 


SUMMARY 


1. An adaptive amine oxidase from Neisseria perflava which oxidatively 
degrades polyamines to diamines was studied manometrically in a cell-free 
extract of spermine-adapted cells. 

2. The enzyme is apparently specific for polyamines since no monoamines 
or diamines were oxidized. Polyamines such as spermine, spermidine, 
and N-(4-aminobutyl)-1,4-butanediamine which contain a 4-carbon 
diamine unit are attacked by the enzyme. 

3. Spermine and spermidine are oxidized with the consumption of 1 
mole of oxygen and the production of 1 mole of 1,3-propanediamine, | 
mole of hydrogen peroxide, and 1 mole of an aldehyde. 

4. The enzyme has an optimal pH of 6.8 to 7.0 and is inhibited by car- 
bony] reagents. 
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Despite its alleged occurrence in human and animal tumors (1-3), b- 
glutamic acid is not utilized to any appreciable extent by experimental 
animals (4, 5). The fate of p-glutamic acid in man, however, has not been 
fully investigated. In the course of study of the biosynthesis of abnormal 
proteins in multiple myeloma (6-9), pL-glutamic acid-1-C" was injected in- 
travenously into a patient. Frequent blood and urine samples were 
taken, and the expiratory CO, was collected at intervals. Time curves 
were determined for the radioactivity of (1) expiratory COs, (2) urinary 
urea, (3) urinary amino acids, (4) serum glutamic acid, (5) urinary Bence- 
Jones protein, and (6) serum y-globulin (the myeloma globulin). A 
comparison was also made of the radioactivity of the COz released by the 
reaction of urinary amino acids and of the hydrolyzed Bence-Jones pro- 
tein with ninhydrin versus glutamic acid decarboxylase. As might be ex- 
pected, the L-glutamic acid was rapidly metabolized. However, the p- 
glutamic acid was excreted apparently unchanged in the urine and was not 
significantly incorporated into the Bence-Jones protein, which is believed 
to be made in the tumor cells. 


EXPERIMENTAL 
Methods and Procedures 


Radioactivity acid-1-C™ with an activity 
of 10 we. per mg. was obtained from the Isotopes Specialties Company, 
Ine., Burbank, California. ‘This compound was chosen because the radio- 
activity is completely liberated from the L form on incubation with glu- 
tamic acid decarboxylase. This procedure not only permits a differentia- 
tion of the L and p isomers but also affords a direct method for measuring 
the specific activity of glutamic acid in protein hydrolysates without isola- 
tion of the amino acid. Prior to administration, the compound was dis- 
solved in a 0.9 per cent NaCl-0.5 per cent glucose solution, filtered through 
ultrafine sintered glass, and tested for toxicity and sterility. No carrier 
glutamic acid was administered. 


* Aided by research grants from the National Cancer Institute, National Insti- 
tutes of Health (No. C-1331-C4), and from the American Cancer Society. 
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The precautions, techniques, and apparatus used in radioactivity meas- | rc 
urements were similar to those described in a related experiment (8). The | mi 
purified, lyophilized, salt-free protein samples were counted on planchets; ag 
the specific activity corrected for self-absorption is expressed as counts per | {;j 
minute (c.p.m.) per mg. of protein. Protein samples were hydrolyzed by 
autoclaving for 12 hours with 6 Nn HCl. The hydrolysates were con- 1- 
centrated in a flash evaporator with repeated washings to remove the acid. | tig 
The amino acids in the hydrolysates were then decarboxylated by reaction W: 
with ninhydrin at 100° or by incubation at 37° with successive aliquots of | er 
glutamic acid decarboxylase.! The amino acids in urine samples of 0.3 ml. | dz 
or 3.0 ml. were likewise decarboxylated with ninhydrin but in the presence | ¢r 
of 15 mg. of L-glutamic acid as carrier. Enzymatic decarboxylation of 1.0 A 
ml. serum samples was also carried out in the presence of 15 mg. of carrier | jp 
L-glutamic acid. In all the decarboxylation reactions the system was first re 
flushed with nitrogen to remove preexisting CO2; the COz2 released by the ti 
reaction was trapped with Ba(OH). and counted as BaCOQ; in aluminum W 
planchets with an area of 3.47 cm.”?._ The activities are given as counts per A 
minute for infinitely thick samples. The specific activity of expiratory CO, J 
(expressed as millimicrocuries per millimole of CO2) was kindly measured D 
by Dr. George Okita by means of a vibrating reed electrometer. Dr. ir 
Okita also determined the specific activity of urinary urea CO, (expressed t) 
as millimicrocuries per millimole of COz); for this, the electrometer was 
used to measure the activity of the CO: released by the action of urease on 
urine samples. Because of the variety of methods employed, it was not 
feasible to reduce all radioactivity measurements to common units. 

Serum and Urinary Proteins—Serum protein fractions were prepared 
either by starch zone electrophoresis or by salt precipitation (9). The t 
Bence-Jones protein was isolated by ammonium sulfate precipitation and a 
prolonged dialysis against distilled water (8). These protein preparations mu 
were characterized by electrophoresis in the Tiselius apparatus and by sed- V 
imentation in the analytical ultracentrifuge (6-8). , 

t 


Subject and Protocol 


Subject—The patient (H. H.), a 67 year-old male, was admitted to the 
Argonne Cancer Research Hospital for treatment and terminal care. For 
therapy, urethane was given throughout the experiment and radiation just 
prior to it. Laboratory study revealed Bence-Jones proteinuria, hyper- 
globulinemia, moderate anemia (12 gm. per cent of hemoglobin), and 
severely depressed renal function. Blood urea nitrogen rose progressively 


1 An acetone-dried preparation of L-glutamic acid decarboxylase was prepared 
by the method of S. Mandeles (private communication) from a strain of Escherichia 
coli originally received from V. Najjar. 
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from 22 mg. per cent to 176 mg. per cent, and the urea clearance fell ter- 
minally to a value of 2.0 as calculated by the square root method. The di- 
agnosis of multiple myeloma was confirmed upon postmortem examination. 
Kidney damage was extensive and typical of the disease. 

Protocol—For the experiment approximately 450 uc. of pL-glutamic acid- 
1-C'4 were given intravenously over a 15 minute interval to the fasting pa- 
tient.2 He had some discomfort because of nausea and vomiting, and there 
was a diuresis for the Ist hour. Fluids were given parenterally on sev- 
eral occasions during the first few days but no whole blood until the 4th 
day. In the first 24 hours, nineteen blood samples were obtained by in- 
travenous catheter, the first at 15 minutes after the start of the injection. 
A complete urine collection was maintained with twenty-four samples be- 
ing taken by urethral catheter on the Ist day. The catheters were then 
removed, and blood samples were discontinued; but complete urine collec- 
tion was kept up for a week with a total of forty-nine specimens. Blood 
was allowed to clot, and the serum specimens were frozen for later study. 
Aliquots of the urine were taken for immediate isolation of the Bence- 
Jones protein, and the balance was stored in a deep freeze unit. The ex- 
piratory air was sampled at intervals for the first 8 hours. Except for the 
initial discomfort, there was no adverse result of the experiment. Ni- 
trogen intake studies were carried on for the following 2 months. 


RESULTS AND DISCUSSION 


Metabolism and Excretion of Glutamic Acid 


Expiratory CO:—u-Glutamic acid is readily deaminated to yield a-ke- 
toglutarate by t-glutamic acid dehydrogenase or via the transaminase re- 
action, both of these enzymes being optically specific (12, 13). Thus, L- 
glutamic acid-1-C' would form a-ketoglutarate which on decarboxylation 
would yield CO and unlabeled succinic acid. Contrary to common as- 
sumption (14), no deaminating mechanism for p-glutamic acid is 
known in mammalian organisms (4, 15). However, Ratner (5) has reported 
that pyrrolidonecarboxylic acid is excreted in urine as the quantitative end 
product of p-glutamic acid metabolism in the rat. 


? Dr. Milton Weiner aided in devising the protocol and in medical management 
of the patient under the direction of Dr. Robert Hasterlik and Dr. George V. LeRoy. 
Dr. Robert Wissler and Dr. Benjamin Spargo prepared the autopsy report. 

3 Of twenty-two amino acids injected intravenously in different combinations into 
dogs, toxic reactions such as vomiting occurred only when glutamic acid was in the 
mixture (10). Glutamine is well tolerated under the same conditions, and it seems 
to be the physiological form of the amino acid in the circulation (11). On the other 
hand, glutamate is now being administered experimentally in the therapy of hepatic 
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In view of the above known metabolic pathways a sharp early maximum 
in the specific activity of expiratory C'O2 was to be expected. Indeed, the 
maximum occurred at about 25 minutes and was followed by an exponential 


decline in radioactivity with a half time of 85 minutes (Fig. 1). On bal- 
ance, 3.1 per cent of the injected activity or 6.2 per cent of the activity in 
the L form was exhaled in the first 8 hours. In the 5 minute period at the 
time of the maximal specific activity of expiratory CO:, the subject ex- 
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Fig. 1. Specific activity and cumulative activity of expiratory CO, after injec- 
tion of 450 we. of pL-glutamic acid-1-C"™ into a fasting man. 


haled 0.72 ue. of CO, but only 0.02 uc. in the 5 minute period at 8 hours 
after injection. At 24 hours the activity of expiratory CO2 would have 
been negligible. 

Urinary Amino Acids—From the primary data obtained after reaction 
of the urine samples with ninhydrin, curves have been plotted in Fig. 2 
for the rate of urinary excretion of C'-amino acids, both for the cumulative 
activity and the activity excreted per minute. The cumulative activity for 
the first 20 hour period was calculated from the thick sample count of the 
aliquot of urine decarboxylated, the volume of urine excreted, and the time 
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interval (see representative data in Table I). In the Ist hour there was a 
diuresis accounting for more than one-third of the total counts excreted on 
the Ist day, yet in this period the Bence-Jones protein had negligible ac- 
tivity. The total activity excreted in any single collection period was 
greatest for Sample 3 taken shortly after the injection.*:* As illustrated in 
Fig. 2, the excretion of C via amino acids was slight after 5 hours. One 
would expect an exponential decline in the amount of C'* voided via uri- 
nary amino acids if the latter were freely excreted unchanged by metab- 
olism and if the output of urine per minute were constant. ‘To correct for 
the variable output the rate of urinary excretion of C'* released by ninhy- 
drin is expressed in Fig. 2 as the total counts per minute voided per min- 
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Fig. 2. Urinary amino acid activity excreted per minute and cumulative activity 
excreted in the first 20 hours after injection of pL-glutamic acid-1-C". 


ute (e.g. data of Column 6 of Table I divided by the time interval of Col- 
umn 3). When plotted on this basis, which allows for the initial diuresis, 
the maximum in excretion occurs within the Ist half-hour. The rate of 
decline was exponential up to 8 hours and had a half time of about 80 
minutes. 

Comparison of the activity of the CO, obtained by reaction of the urine 
with L-glutamie acid decarboxylase with that evolved by ninhydrin gave 
evidence that the C“O:2 produced in the latter case was almost wholly 
ascribable to the p-glutamic acid injected. Thus, in urine Sample 4 the 


‘Sample 2 is the exception, representing the injection period for which no urine 
remained for this test. Sample 3 is omitted from the curve for activity excreted per 
minute (Fig. 2) because the collection bottle overflowed owing to the diuresis. 

‘Total activity equals the thick sample count per volume of sample times the 
total urine volume collected in the designated interval. 
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thick sample count was 6520 c.p.m. for the BaCQO; obtained from 0.3 ml, 
of urine after reaction with ninhydrin in the presence of 15 mg. of carrier 
L-glutamic acid. Under the same conditions the thick sample count for 
the BaCO; produced by enzymatic decarboxylation was only 5 c.p.m. 
Quantitatively, of course, the excretion of L-glutamic acid-1-C" is greater 
than is indicated by the above specific activity, for the natural amino acid 
is diluted by the body pool, whereas p-glutamic acid is not. Because there 
was only a limited uptake of C™ into other L-amino acids (see later), their 
contribution can be neglected. Glutamine is decarboxylated by nin- 


TABLE I 


Representative Data on Urinary Excretion of C™ Reactive and Unreactive 
with Ninhydrin 


Sample No. Time* Time interval |Urine volume} Aliquotf Total activity | Urine residue 

(1) (2) (3) (4) (5) (6) (7) 

hrs min ml. c.p.m. 103 c.p.m C.p.m 

3 0.42 20 250t 43, 500 3620t 108 

7 2.0 30 60 116,000 2320 719 

9 3.5 60 50 110,000 1840 2950 

1] 5.75 60 60 30,400 610 2015 

14 8.75 60 65 7, 860 170 1319 

16 11.25 120 135 4,000 180 1385 

19 17.25 120 150 1,480 74 712 


* From the mid-point of the injection to the mid-point of the interval. 

t The aliquot activity is given as the thick sample count for the BaCO; obtained 
from the ninhydrin reaction with 3 ml. of urine in the presence of 15 mg. of carrier 
pL-glutamic acid. Total activity = (aliquot activity X urine volume)/3.0 ml. 
Column 7 gives the thick sample count of the residue remaining after the ninhydrin 
reaction on the 3.0 ml. urine aliquot. The more extensive data plotted in Fig. 2 
were obtained with 0.3 ml. urine samples. 

t Volume incomplete because of diuresis. 


hydrin (16), but not by the enzyme, and is probably the form in which 
L-glutamic acid is normally excreted in the urine (16, 17). However, since 
glutamic acid rises in standing urine, even in the frozen state (17), the 
specific activity of L-glutamine should have been reflected by the enzymatic 
treatment of the above sample which had been in the deep freeze for 8 
months. 

Unlike the rat (5) man does not appear to excrete pyrrolidonecarboxylic 
acid as the metabolic end product of p-glutamic acid. Since ninhydrin does 
not evolve CO:2 from pyrrolidonecarboxylic acid (16), none of the urinary 
amino acid C" is attributable to this compound. Moreover, an ethyl ace- 
tate extract of acidified urine (Sample 4), which should have contained the 
cyclic compound but not glutamic acid, had only 6 c.p.m., whereas the 
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treated urine sample had 2200 c.p.m. To be sure, because of the lability 
of glutamine and the reversibility of the cyclization of glutamic acid, it was 
not possible to establish unambiguously the nature of the initially excreted 
form of the injected p-glutamic acid from studies of the frozen urine. 

No residual radioactivity after ninhydrin decarboxylation of the urine 
was observed that could not in major part be attributed to urea or Bence- 
Jones protein. As a crude measure, the residue from the 3.0 ml. urine 
samples subjected to the ninhydrin reaction was evaporated to dryness on 
planchets and counted directly. From the data of Table I it is clear that 
the radioactivity of the urine residue (Column 7) followed a different time- 
course and was of a lower order of magnitude than that released by ninhy- 
drin (Column 5). Although the thick sample. count of the urine residue 
and of the BaCO; derived from the ninhydrin reaction cannot be equated 
in the same activity units, both are obtained from the same sample of 
urine. Yet, the BaCO; count is 400 times that of the residue in Sample 
3 but only twice as great in Sample 19. The fact that the specific activity- 
time curve for the urine residue (not plotted) closely parallels the corre- 
sponding activity curves for urinary urea and Bence-Jones protein also 
suggests that the radioactivity of the residue is due to the latter substances. 

An attempt was made to estimate the total amount of C excreted by 
way of p-glutamic acid by summation of the total activity (thick sample 
counts) released by ninhydrin decarboxylation of each specimen (see rep- 
resentative data of Column 6). Only 90 ue. of urinary amino acid could be 
accounted for when a factor was applied to convert thick sample counts to 
microcuries.® Although this is equivalent to less than one-half of the p- 
glutamic acid injected, the deficit is probably due to the assumptions in- 
volved in making the estimate.’ The contribution of C" from urinary L- 
amino acids can be disregarded in this calculation (see later). 

From the above data we conclude that the bulk of the radioactivity ex- 
creted via urinary amino acids was eliminated as p-glutamic acid, as a nin- 
hydrin-reactive metabolite thereof, or was reconverted to p-glutamic acid 
during the course of storage and handling of the urine samples. 


* When 0.06 uc. of pi-glutamic acid was decarboxylated by ninhydrin in 0.3 ml. 
of the patient’s urine in the presence of 15 mg. of L-glutamic acid as carrier, the thick 
sample count was 15,250. Thus, 1 ue. was equivalent to approximately 250,000 
counts under these conditions. (The amount of carrier added is sufficient to over- 
come any significant effect of urinary L-amino acids.) 

7 A less likely possibility is that p-pyrrolidonecarboxylic acid is formed in vivo 
and can be metabolized, whereas the remaining uncyclized p-glutamic acid is ex- 
creted. In what appears to be the only recorded report on the administration of 
b-pyrrolidonecarboxylic acid to man, Abderhalden and Hanslian (18) assumed the 
compound was metabolized because of their inability to demonstrate it in the urine. 
Rabbits, however, excreted some of the p compound after administration of the 
racemic mixture. 
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Urinary Urea—According to the established mechanism of urea forma- 
tion a C-labeled precursor of carbon dioxide should contribute radio- 
activity both to expiratory CO, and to urea. Hence, the specific activity of 
urinary urea was measured with the aid of urease (lig. 3). The maximum 
in the specific activity of urinary urea occurred at about 2.5 hours, signi- 
ficantly later than for expiratory CO: (Fig. 1). The decline in radioactiy- 
ity of the urea was slower than that for either expiratory CO: or urinary 
amino acids, the half time being about 280 minutes for urea and 80 to 90 
minutes for expiratory CO, and urinary amino acids. Taken together, 
these data confirm the rapidity of the metabolism of the a-carboxyl ear- 
bon of glutamic acid. It is to be noted that, although the urea carbon is 
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Fig. 3. Specific activity of urinary urea and of a soluble Bence-Jones protein 
(Fraction 8) excreted after injection of pL-glutamie acid-1-C", 


in equilibrium with respiratory COs, the activity of the urinary urea is 
considerably below that of the expiratory COz (compare the ordinate scales 
of Figs. 1 and3). Furthermore, there is a delay in the maximal activity of 
the urinary urea, which is probably ascribable to the time requirement for 
metabolic incorporation of COs in the ornithine cycle and the subsequent 
excretory process. 

Serum t-Glutamic Acid—The sharp maxima in the specific activity 
curves for expiratory COz2 and urinary urea suggest a rapid disappearance 
of labeled amino acid from the circulation. An attempt to measure the rate 
of decline in serum L-glutamic acid-1-C'* was made through use of the de- 
carboxylase. Although much of the glutamic acid in blood is present in 
the form of glutamine, considerable decomposition of the amide occurs on 
standing in the frozen state for a period of 8 months, as was the case in 
this experiment (11). An abrupt decline in serum L-glutamie acid activity 
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was noted during the first 2 hours (see Fig. 4 of Putnam and Miyake 
(9)). This accords with the evidence deduced above for the rapid loss 
of the a-carboxy] carbon and indicates that the supply of L-glutamic acid- 
1-C™ available for protein synthesis diminished rapidly. 


Incorporation of Glutamic Acid into Bence-J ones Protein 


Although the rate of incorporation of radioactivity into Bence-Jones pro- 
tein will be discussed separately in connection with the biosynthesis of the 
myeloma globulin (9), it is pertinent to inquire, first, whether the Bence- 
Jones protein was labeled spuriously by adsorption of C'-amino acids from 
the highly active urine and, secondly, whether p-glutamic acid was in- 
corporated into the urinary protein. Four types of observations indicated 
that adsorbed amino acid made only a negligible contribution to the radio- 
activity of the Bence-Jones protein. These were (a) comparison of the rate 
activity curves of Figs. 2 and 3, (b) dialysis of labeled protein against non- 
isotopic glutamic acid and dialysis of a mixture of unlabeled protein and C'- 
glutamic acid against a solution of inactive amino acid, (c) reaction of nin- 
hydrin on intact labeled protein, and (d) action of glutamic acid decar- 
boxylase on hydrolyzed and unhydrolyzed labeled protein. 

Tests for Adsorption—(a) Three successive samples of urine were obtained 
representing the period from zero time to 35 minutes after the injection 
ceased. As indicated in Fig. 3, there was only negligible radioactivity 
in the Bence-Jones protein prepared from these urine samples. In view of 
the high radioactivity of the urine in the Ist hour (Table I), these results 
attest the efhicacy of prolonged dialysis in preventing spurious data owing 
to adsorption. (b) As illustrated in Table II, there was no change in the 
activity of the Bence-Jones protein after dialysis against a solution con- 
taining inactive glutamic acid. Moreover, all added glutamic acid-1-C" 
could be removed from a solution of weakly active Bence-Jones protein by 
a similar sequence of dialysis. (c) Ninhydrin released no detectable C“O, 
from the most active sample of intact Bence-Jones protein. (d) Glutamic 
acid decarboxylase releases CO2 equivalent to 99 per cent of the L anti- 
pode present in a mixture of pL-glutamic acid-1-C™ added to a solution of 
inactive Bence-Jones protein, provided several incubations are made. Yet, 
there is no significant change in the specific activity of labeled Bence-Jones 
protein incubated with the enzyme under similar conditions. By all these 
criteria, then, it appeared that the activity of the Bence-Jones protein was 
not attributable to adsorption of urinary amino acids. 

Reaction with Glutamic Acid Decarboxylase—This experiment also pre- 
sented an opportunity to test the hypothesis of Kégl et al. that p-glutamic 
acid occurs characteristieally in tumor proteins (1-3). Several investi- 
gators, using isotopic techniques and other methods, have failed to re- 
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produce the results of Kégl et al. and attribute them to partial racemiza- 
tion during acid hydrolysis (19). However, the hypothesis has been re- 
vived recently on the basis that the feeding of rat or human tumor pro- 
teins to animals (which avoids racemization) results in the excretion of 
p-glutamic acid by the dog (2, 3) and of p-pyrrolidonecarboxylic acid by 
the rat (20, 21). Autopsy samples of tumor tissue were obtained 2} 
months after the administration of the labeled amino acids, but these 
proved to be devoid of detectable radioactivity. However, since the 
Bence-Jones protein is found only in association with a plasma cell tumor, 
the possibility was investigated that this abnormal protein might contain 
the unnatural amino acid. For this purpose, we compared the activity of 


TaBLeE II 
Tests for Adsorption of pt-Glutamic Acid-1-C' by Bence-Jones Protein 
No. of C.p.m. 
Experiment No. Dialysate = mg. 
I. Labeled protein (No. | 10 mg. % glutamic acid in 9% NaCl 1 
168) 
in 0.9% NaCl 5 
Distilled water 6 45 
Control 47 
II. Weakly labeled pro- | No dialysis 3700 
tein (No. 618) + glu- 
tamic acid-1-C™ 
10 mg. % glutamic acid in 0.9% NaCl 1 120 
10 % 0.9% sé 5 
Distilled water 10 1 
Control No dialysis 2 


the CO: released by ninhydrin from an acid hydrolysate of the protein with 
that obtained by prior treatment with glutamic acid decarboxylase. 
Preliminary experiments established that some of the activity of the 
Bence-Jones protein was present in a form other than .L-glutamic acid; 
that is, successive incubation of the hydrolyzed protein with the enzyme 
failed to release all the C™ that was susceptible to ninhydrin. This re- 
sult could have occurred through the direct incorporation of p-glutamic 
acid into the protein, through the uptake of C™ into other L-amino acids 
later incorporated into the protein, or because of partial racemization dur- 
ing hydrolysis. In further investigation a protein hydrolysate was sepa- 
rated into three fractions by use of ion exchange columns. The acidic 
amino acids were adsorbed on the Amberlite resin IR-4B in the carbonate 
form at pH 6; the filtrate contained the neutral and basic amino acids. 
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The dicarboxylic amino acids were eluted at pH 2 and separated by use of 
a column of Dowex 50 in the sodium form at pH 3.4. The eluted fractions 
corresponding to glutamic and aspartic acids were verified by paper chroma- 
tography. The glutamic acid fraction was subjected to successive incu- 
bations with enzyme prior to reaction with ninhydrin as detailed in Table 
III. The other fractions were allowed to react only with ninhydrin. 

By the above procedure p-glutamic acid could not be detected in phys- 
iologically significant amounts in the Bence-Jones protein. Only 3 per cent 
of the C' of the glutamic acid fraction was unreactive with the enzyme. 
Since heating L-glutamic acid with boiling HCl for 24 hours causes race- 
mization of 3 to 6 per cent (22), no significance can be attached to the en- 


TABLE III 


Radioactivity of COz Released from Amino Acid Fractions of Bence-Jones Protein by 
Glutamic Acid Decarbozylase and Ninhydrin* 


Enzyme Ninhydrin 
Fraction No. Aliquot 


Thick sample counts as BaCOs 


c.p.m. c.p.m. 
1. Glutamic acid (with carrier) A 980 27 
B 950 22 
C 980 34 
2. Aspartic acid (no carrier) 33 
3. Neutral and basic (no carrier) 97 


* Aliquot A was incubated with one batch of enzyme for 2 hours at room tempera- 
ture, and the residue allowed to react with ninhydrin. Aliquot B, two successive 
incubations with fresh enzyme (total of 3.5 hours) followed by ninhydrin. Aliquot 
C, three successive incubations totaling 3.5 hours, followed by ninhydrin. In all 
cases 15 mg. of carrier pL-glutamic acid were present initially. 


zymatically unreactive glutamic acid. Moreover, the enzyme is some- 
what inhibited by the presence of the carrier D antipode.* The occur- 
rence of significant radioactivity in the neutral and basic amino acids is 
attributable to the conversion of glutamic acid to other 5-carbon amino 
acids and to some fixation of respiratory C™“O2 into arginine and other 
amino acids. It is apparent from the much greater activity of the glutamic 
acid in the presence of carrier, compared to the carrier-free amino acids, 
that the spread of C' into other L-amino acids occurred to only a limited 
extent. As noted previously, this could not account for much of the uri- 
nary CQO, released by ninhydrin but not by the enzyme. 

Activity of Bence-Jones Protein—The time-course for the radioactivity 
of the Bence-Jones protein (Fig. 3) resembles that already published in 


*S. Mandeles (private communication). 
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other cases (6-8, 23). Moreover, the curves for urinary urea and protein 
also exhibit the striking conformity previously observed (7, 23). The 
latter indicates that Bence-Jones protein, despite its size, is eliminated like 
a low molecular weight, nitrogenous excretory product. Tig. 3 gives data 
only for the first 20 hours for a protein fraction soluble in distilled water, 
More extensive data for this material as well as for an insoluble fraction 
will be presented in the accompanying paper (9). For the present pur- 
pose it is sufficient to note the initial lag or “‘transit period” of about 40 
minutes, the sharp maximum at 4.5 hours, and the rapid rate of decline in 
activity. The data seem to fit best a semilogarithmic plot with two ex- 
ponential functions. The half time of decline is 7.5 hours for the Ist day 
and about 21 hours for the next 3 days. An almost identical relationship 
has been found in another case (23) and somewhat lower slopes in other in- 
stances (6-8, 24). 

Serum Proteins—Specific activity curves as a function of time for the 
myeloma serum globulin of this patient, together with data on other se- 
rum proteins (9), reveal that the glutamic acid was incorporated after the 
same lag period as for the Bence-Jones protein. However, the activity of 
the myeloma globulin rose and fell more slowly. The maximum occurred 
at 10 to 12 hours and, in accord with previous studies (6, 7), was only 
about one-seventh that of the urinary protein. Although no quantitative 
measurement of the incorporation of the glutamic acid-C™ into the total 
body protein was obtained, it is evident from the foregoing that this process 
was substantial. However, comparative studies with lysine uniformly la- 
beled with C™ have shown that the essential amino acid is more slowly 
metabolized and is thus a more efficient precursor of the Bence-Jones pro- 
tein when administered under similar conditions (8). 


SUMMARY 


pi-Glutamic acid-1-C™ was injected intravenously into a patient with 
multiple myeloma, frequent blood and urine samples were taken by cathe- 
ter, and the expiratory COe was collected. Radioactivity measurements 
were made on the following substances which are listed in the order of de- 
creasing rate of decline of C' activity, each with its time of maximal ac- 
tivity: (1) serum t-glutamic acid (mid-time of injection, 7.5 minutes), (2) 
expiratory CO. (25 minutes), (3) urinary amino acids (40 minutes), (4) 
urinary urea (2.5 hours), (5) Bence-Jones protein (soluble fraction) (4.5 
hours), (6) serum y-globulin (the myeloma globulin) (10 to 12 hours). The 
data reflect the ease of metabolism of the a-carboxy] group of glutamic acid 
and the rapidity of synthesis and excretion of Bence-Jones protein. Al- 
though an isotope balance was not established, the release of CO: from 
urinary amino acids by ninhydrin, but not by glutamic acid decarboxylase, 
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indicated that much of the p-glutamic acid was excreted unchanged. ‘The 
use of similar techniques failed to demonstrate any significant incorpor- 
ation of p-glutamic acid into Bence-Jones protein. 
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PROTEINS IN MULTIPLE MYELOMA 


VIII. BIOSYNTHESIS OF ABNORMAL PROTEINS* 


By FRANK W. PUTNAM anv AIKO MIYAKE 


(From the Department of Biochemistry, College of Medicine, University of Florida, 
Gainesville, Florida, and the Department of Biochemistry, and the Argonne 
Cancer Research Hospital, United States Atomic Energy Commission, 
University of Chicago, Chicago, Illinois) 


(Received for publication, November 18, 1957) 


Multiple myeloma is an invariably fatal tumor of the plasma cells, 
which are thought to be involved in antibody production. The disease is 
generally accompanied by hyperglobulinemia, Bence-Jones proteinuria, or 
both aberrations in protein synthesis. Although both the myeloma serum 
globulin and the unique urinary protein are thought to be formed within 
the tumor cell, no metabolic relationship has yet been demonstrated between 
the two types of abnormal proteins. Furthermore, accumulating evidence 
indicates not only that different patients produce individually character- 
istic globulins that are related to normal serum proteins (1, 2), yet dis- 
tinguishable from them, but also that the Bence-Jones proteins excreted by 
different patients are not identical (3, 4). Previous study with N!®-gly- 
cine and with glycine-1-C™ has refuted the hypothesis that the Bence- 
Jones proteins are derived by renal cleavage of the abnormal serum glob- 
ulins and has suggested that the two types of pathological proteins may be 
synthesized independently (5, 6). These experimental results, since con- 
firmed (7-9), did establish that the urinary protein is rapidly formed from 
the administered amino acids and is rapidly excreted. In order to inves- 
tigate further whether the synthesis of Bence-Jones protein is related to that 
of the myeloma globulin, 450 uc. of pi-glutamic acid-1-C™ were injected 
into a patient who was catheterized to permit frequent withdrawal of 
blood and urine specimens. The accompanying paper (10) has described 
the subject and protocol of the experiment and the metabolic fate of the 
racemic amino acid; this communication reports the data relevant to the 
biosynthesis of the abnormal proteins. Significant radioactivity was not 
detected in either the Bence-Jones protein or the myeloma globulin until 
about 40 minutes after injection. The subsequent time-course of radio- 
activity is discussed in terms of possible biosynthetic relationships be- 
tween the two abnormal proteins. 


* Aided by research grants from the National Cancer Institute, National In- 
stitutes of Health (No. C-1331-C4), and from the American Cancer Society. 
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EXPERIMENTAL 


Methods and Procedures 


Radioactivity Measurements—Specific activity rate curves were obtained 
for four non-protein metabolic products of the injected amino acid, namely 
(a) expiratory CO: (10), (6) the urinary urea CO, liberated by urease (10), 
(c) the COz released by ninhydrin from urinary amino acids, chiefly p-glu- 
tamic acid (10), and (d) the CO, liberated from L-glutamic acid of serum 
by the optically specific glutamic acid decarboxylase from Escherichia coli 


(Table I). Rate data were also obtained for two fractions of the Bence- 
TABLE I 
Summary of Radioactivity Measurements after Injection of pi-Glutamic Acid-1-C% 
hrs. hrs. hrs. 
1. u-Glutamie acid Serum 12 0.1 (Ca.) 0.75 
2. xpiratory CO, Breath 8 0.4 1.5 
3. v-Glutamie acid Urine 24 0.5t (Ca.) 1.4 
4. Urea “ 42 2.6 4.7 
5. Residuet 19 3.5 
6. Bence-Jones protein ” 234 
Soluble (8) 4 7, 10, 32 
Ppt. (P) 5 7.5, 21 
7. y-Globulin Serum 50 | 10 >48 


* In most cases the decline was not strictly exponential. 


For Bence-Jones pro- 


tein the curve has been broken down into several segments. 

t Refers to the time of maximal counts per minute excreted per minute, not to 
maximal sample activity. 

t The material remaining after ninhydrin treatment of the urine specimen. 


Jones protein that differed in solubility and for the myeloma serum glob- 
ulin prepared by salt precipitation. The radioactivity of the proteins 
was measured as previously described (10) with the data expressed as 
counts per minute (c.p.m.) per mg. of protein. 

Serum Proteins—By chemical analysis the total serum protein was 8.1 
gm. per cent, with an albumin-globulin ratio of 0.7. Electrophoretic anal- 
ysis by the Tiselius method revealed a sharp peak in the y-globulin region 
characteristic of myeloma globulin. This component had a mobility of 
1.5 & 10-5 em. sec.—! volt! and comprised 30 per cent of the total serum 
protein (Fig. 1). The percentage distribution of the remaining serum 


proteins was as follows: albumin 39, a-globulin 6, a-globulin 10, and £- 
globulin 15. 
The myeloma globulin from 10 to 15 ml. aliquots of the nineteen serum 
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samples of the first 24 hours was precipitated in separate sacs by simul- 
taneous dialysis against several changes of 1.6 M ammonium sulfate at 
pH 6.5 in the cold. The precipitates were washed with the salt solution, 
dialyzed until free of sulfate ion, and lyophilized. Ultracentrifugal anal- 
ysis of representative samples demonstrated a predominant component 
with a sedimentation constant (820,~) of 6.55 Svedberg units at infinite 
dilution and only a very small amount of higher molecular weight globulin. 
About 95 per cent of the protein migrated as a single component at pH 
8.6 in the Tiselius apparatus. Serum fractions corresponding to albumin, 
a;- plus a2-, B-, and y-globulins were also obtained by starch zone electro- 
phoresis (11) of 1 to2 ml. samples. The starch zone patterns almost dupli- 
cated those obtained by free electrophoresis, and the physical constants 


Fig. 1. Electrophoretic diagram of the serum in Veronal buffer, pH 8.6, after 
migration for 200 minutes at 16 ma. The arrows designate both the direction of 
migration and the myeloma globulin peak. 


and the homogeneity of the electrophoretically isolated and the salt-pre- 
cipitated globulin were closely similar. 

Bence-J ones Protein—The Bence-Jones protein was prepared from forty- 
nine consecutive urine samples representing a complete collection up to 
234 hours after the injection. The protein was precipitated by dialysis 
in separate sacs against several changes of 3 M ammonium sulfate at pH 5 
in the cold. The precipitates were washed with the salt solution, dispersed 
in water, and dialyzed against distilled water until free of sulfate. Both 
sometime prior to and several months after the experiment, the patient’s 
urine, when treated by this procedure, yielded a protein that was soluble 
in distilled water and migrated in the Tiselius apparatus at pH] 8.6 with 
a single major boundary (about 90 to 95 percent). However, in every urine 
sample in the tracer experiment some of the labeled protein formed a gray- 
brown precipitate on dialysis against distilled water. Since this precip- 
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itate was insoluble in common buffers, it was removed by centrifugation 
and lyophilized (designated P). The supernatant solution (S) likewise 
was lyophilized. Thus, some 100 samples of Bence-Jones protein were 
prepared for counting. Uniform deposition on planchets was accomplished 
by dissolving both S and P samples with 0.02 n NaOH. A variety of 
tests including comparison of rate activity curves, dialysis, and the reaction 
with ninhydrin and with glutamic decarboxylase assured that the Bence- 
Jones protein was not labeled spuriously by adsorption (10). 

It was established that neither the S nor the P fractions were homogene- 
ous by ultracentrifugal or electrophoretic analysis. Subsequently, an 
electrophoretic study was made of representative specimens of the frozen 
urine from this experiment, for the urine did not yield much precipitate 
on equilibration with Veronal buffer, pH 8.6, at 4°. This study revealed 
a remarkable progressive change in the electrophoretic pattern during the 
brief course of the experiment. The apparent number of components 
varied from two at 35 minutes to four at 36 hours.' This Bence-Jones 
protein (He), alone of thirteen studied, could not be typed serologically 
because of heterogeneity; it also was the most heterogeneous specimen on 
the basis of N-terminal group analysis (4). The qualitative heat coag- 
ulation test was positive at 56°, but the protein was not completely sol- 
uble at 100°. No albumin was detectable by electrophoretic or ultra- 
centrifugal analysis. The cause of the unexpected heterogeneity of the 
Bence-Jones protein was not determined, but it may have been the result 
of therapeutic x-radiation of the patient several days before the experi- 
ment. 


Results 


The specific activity-time curve for the Bence-Jones protein has four 
characteristics: (1) a short lag of about 40 minutes to be denoted the 
“transit time” (Fig. 2), (2) a rapid and nearly linear rise to a sharp max- 
imum (period of constant incorporation) (Fig. 2), (3) a somewhat slower 
decline, the “excretion curve” (Fig. 3), and (4) a flat prolongation (Fig. 
3), attributable both to “feedback,” 7.e. the return of tracer amino acid 
to the body pool owing to degradation of labeled tissue proteins, and to 
protein exchange between vascular and extravascular compartments. 
Since the curves for the S and P proteins are so similar, no further distine- 
tion between the two products will be made. 

Transit Time—From Fig. 2 the “transit time” is seen to be about 40 


1 The electrophoretic pattern of the urine at 36 hours was very similar to that of 
a saline extract of the patient’s tumor. All of the urine protein had an 820, of 3.4 
S or lower; 7.e., serum proteins were not excreted in ultracentrifugally detectable 


amounts. 
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minutes for both the S and P fractions of Bence-Jones protein, as well 
as for the myeloma globulin.? In all three cases this delay is followed by 
a nearly linear rise period of about 2 hours, which is interpreted as resulting 
from a constant rate of isotope incorporation. About the same lag period 
was found for all the serum protein fractions isolated by starch zone elec- 
trophoresis. Similar initial rate curves were first observed by Green and 
Anker (12) for serum proteins of the rabbit and turtle and the hemocyanin 
of the horseshoe crab. Dalgliesh (13) has reviewed other evidence for the 
existence of a delay in protein synthesis. 

In the case of Bence-Jones protein the time for renal excretion must 
be added to the above process. In an earlier experiment (7) the transit 
time for Bence-Jones protein was found to be not less than 30 minutes. 
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HOURS AFTER ADMINISTRATION 


Fic. 2. Specific activity of Bence-Jones protein Fractions S and P and of the 
myeloma globulin during the first 6 hours after administration of pL-glutamice acid-1- 
C4, Note the 10-fold difference in the two ordinate scales. 


From the identity in transit times of the two abnormal proteins (Fig. 2) 
it would appear that the limiting factor for urinary appearance of labeled 
Bence-Jones protein is not the time required for renal excretion but rather 
some function of the synthetic process. Further evidence for rapid renal 
clearance was found in later experiments. For example, when a pooled 
sample of the same labeled protein was injected intravenously into the 
donor patient at a later period, the activity of the first urinary sample 
excreted (at 2 hours) was almost maximal even though he was then uremic 
(urea clearance of 2.0 as calculated by the square root method). When 
labeled Bence-Jones protein is injected into the ear vein of a rabbit, the 
greatest decline in serum activity occurs in the 1st half-hour, most of the 

* The transit period has been defined as ‘‘the time required for an amino acid 


residue to pass from the free amino acid pool to the circulating serum protein’’ and 
is reported to be practically independent of experimental conditions (12). 
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protein being excreted in the urine within the first few hours.* The normal] 
human kidney, given an overload of 60 gm. of dextran of 34,000 average 
molecular weight, which is comparable in size to Bence-Jones protein, ex- 
cretes about one-third in the Ist hour (14). It is significant that a diuresis 
occurred during the transit time. All this does not disprove that there igs q 
kidney transit time of 15 to 30 minutes for Bence-Jones protein. However, 
if such is the case, the activity curve for circulating Bence-Jones protein 
would be displaced towards the left compared to Fig. 2 for urinary protein. 
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Fig. 3. Specific activity and cumulative activity of Bence-Jones protein Fractions 
S and P during the first 130 hours after administration of pL-glutamie acid-1-C". 
In the next 100 hours the activity of both fractions fell off very slowly. 


Excretion Curve—Except for the displacement towards a shorter time 
axis, the excretion curve of Fig. 3 resembles those previously obtained 
(5-8) and exhibits the remarkable similarity to the excretion curve for 
urinary urea radioactivity already noted (6, 8,10). The surprising feature 
is the rapidity of excretion despite serious renal damage. The cumulative 
urinary excretion of labeled Bence-Jones protein was estimated by aver- 
aging the specific activity (c.p.m. per mg.) of S and P in each sample and 
multiplying by the total weight of protein present. Unlike the curve for 
cumulative urinary excretion of dextran of comparable molecular weight 
(14), the analogous curve for the Bence-Jones protein does not level off 


3 Meyer, F., and Putnam, F. W., unpublished experiments. 
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after 12 hours (lig. 3). The failure to do so may be attributed to the 
length of the period of isotope incorporation, to tissue redistribution, and 
to the feedback phenomenon. For comparative purposes note that 6000 
c.p.m. were excreted via protein in the Ist hour, 54,000 in the 4th hour, 
and 4000 in the 50th hour. 

Recycling Phenomenon—Unlike the turnover curves of serum or tissue 
proteins with half life times of a week or more, the rapidly declining ac- 
tivity curve for Bence-Jones protein is little affected during its major phase 
by the feedback phenomenon. Hence, the decline in activity of the P 
protein was strictly exponential during the first 24 hours, during which 
time the activity fell to one-seventh of the maximum. The half time was 
7.5 hours. There followed an intermediate phase having a half time of 
about 21 hours, which may well reflect the distribution process between 
vascular and extravascular tissues, and subsequently there was an even 
slower decline, probably owing to feedback. After 234 hours the specific 
activity was 1 to 2 ¢.p.m. per mg. The S protein followed a similar but 
more erratic course. 

Serum Radtoactinty—Whereas the initial uptake of C'* by the myeloma 
globulin follows a course similar to that for Bence-Jones protein (Fig. 2), 
the maximum for the globulin apparently occurs later and is certainly much 
lower and broader (Fig. 4).4 These results, in keeping with earlier ex- 
periments (5, 6, 8, 9), emphasize that the turnover of myeloma globulin 
parallels that of normal serum globulins; such differences in half life as 
may exist cannot be evaluated from the present data. The transit time 
is slightly longer than for the total serum proteins of the rabbit (12), but 
in other respects the character of the initial part of the curve is similar in 
the two species. 

The activity of serum L-glutamic acid shows a precipitous decline during 
the transit period for both abnormal proteins (Fig. 4). Indeed, for the 
first 2 hours, the decline in activity of the amino acid is exponential with 
a half time of 45 minutes; thereafter a departure from logarithmic behavior 
occurs. Since the transport and cellular distribution of the amino acid 
require only 1 to 2 minutes (12), the transit period may reflect an absolute 
time requirement for protein synthesis de novo from amino acids, the inter- 
vention of intermediate synthetic reactions, physical processes such as the 
diffusion of the newly formed protein into the circulation, or the sum of 
several of these steps. 

The data for serum proteins isolated by starch zone electrophoresis 


‘Note that the specifie activities of the myeloma globulin and the Bence-Jones 
protein are plotted on different ordinate scales in Fig. 2 to illustrate the similarity of 
the uptake curves but are given to the same ordinate scale in Fig. 4 to emphasize 
their different magnitudes. 
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were less consistent than those plotted in Fig. 4 for the myeloma globulin 
purified by salt precipitation, probably because much less radioactive 
protein was made available for counting in the case of the zone method, 
and possibly because of the effect of freezing on the properties of the lipo- 
proteins. However, the results for the myeloma globulin prepared by the 
zone method were not systematically different from those depicted in Fig, 
4; t.e., no activity was detectable until after 40 minutes, a broad delayed 
maximum was found, and except for two erratic points the activity was 


SERUM 
\_ L-GLUTAMIC ACID 


200 


8 
BENCE- JONES PROTEIN 250 
(PRECIPITATE) 
= 200 S 
100 S 
150 RS 
& 
Q 50 - c S 
S 


5 10 20 
HOURS AFTER ADMINISTRATION 
(FROM MIDTIME OF INJECTION) 


Fig. 4. Specific activity of Bence-Jones protein Fraction P, the myeloma globulin, 
and of serum L-glutamic acid in the first 20 hours after administration of pi-glutamic 
acid-1-C'. Note that the activity of the amino acid is expressed in different units 
from the activities of the proteins, but that the latter are plotted to the same ordinate 
scale. 


within 2 to 4 c.p.m. of the values obtained for the salt-purified specimens. 
All the serum proteins showed a transit period, but within the first 24 hours 
no fraction had a specific activity more than one-quarter that of the urinary 
Bence-Jones protein at the same time interval. In every sample the a 
and 8 fractions were more active than the myeloma globulin. 


DISCUSSION 


In choice of amino acid,° isotope, position of label, route of administra- 
tion, and method of sample collection, this investigation was designed to 


* Other experimental reasons for choice of glutamic acid-1-C" are the susceptibility 
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approximate as closely as possible the optimal conditions for a single dose 
tracer experiment (15). Thus, glutamic acid, by virtue of the lability of 
its amino group and the key role of a-ketoglutarate in the citric acid cycle, 
is about the most active metabolically of the amino acids. Unlike pre- 
vious studies of the biosynthesis of Bence-Jones protein with N15-labeled 
amino acids (6, 8), this experiment suffers little from the retention and 
redistribution of the tracer atom. The a-carboxyl-C" is rapidly lost via 
expiratory CO: or urea (Table I) and undergoes minimal incorporation into 
other amino acids (10). The extent to which optimal single dose tracer 
conditions were fulfilled is illustrated by the data summarized in Table I. 
It can be seen that all major changes in radioactivity occurred within the 
first 24 hours except in serum proteins (and presumably in tissue proteins). 
Indeed, the primary change in the non-protein metabolites reached a max- 
imum by 2.5 hours and was complete within 10 hours. 

In confirming the above, the excretion curve for labeled Bence-Jones 
protein was the most rapid yet recorded (2). The sharp peak of Fig. 3 
results from rapid removal of the labeled molecules by urinary excretion. 
It signifies a body pool that is small compared to the rate of synthesis and 
excretion. On the other hand, the broad maximum for the y-globulin 
stems from the dilution of labeled molecules by a large body pool that is 
subject to reduction only by the comparatively slow process of turnover. 
Thus, the divergence in the declining rate curves of Fig. 4 is mainly an 
effect of the different routes for removal of these proteins from the circu- 
lation. Without allowance for these effects it is impossible to deduce from 
the time-course of the activity curves a likely precursor-product relation- 
ship among the various substances listed in Table I by use of the Zilver- 
smit-Reiner criteria (15). 

In the rate analysis important qualitative and quantitative differences 
must be recognized. At the time of greatest activity of the myeloma glob- 
ulin, the total body C™ content in this protein was 1.4 X 10° c.p.m. (17 
c.p.m. per mg. X 2.4 gm. per cent y-globulin X 3500 ml. of serum), where- 
as up to this point only about 3 X 10° c¢.p.m. had been excreted via urinary 
protein (Fig. 3). Indeed, the C'™ content of the myeloma globulin at its 


of the a-carboxyl to release by glutamic acid decarboxylase (L antipode) and by 
ninhydrin (pandt). This permits direct C“ measurement with use of the hydrolyzed 
proteins without isolation of the amino acid. Moreover, the p form is apparently 
not metabolized by man (10). The increased sensitivity gained by enzymatic release 
of the C' from the hydrolyzed proteins enabled a study of the rate of excretion and 
the fate of biosynthetically labeled protein reinjected into the donor patient (see 
footnote 3). 

® By contrast, when N!5-aspartie acid was administered to another patient, the 
glutamic acid of the urinary protein had a higher N!5 abundance than did the aspartic 
acid of the protein, and most of the other amino acids of the excreted protein were 
highly labeled (8). 
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time of maximal activity was about 3 times the total C'™ excreted vig 
Bence-Jones protein during the term of the experiment. ‘Thus, despite 
its lower specific activity in the first 24 hours, much more myeloma glob- 
ulin than Bence-Jones protein was synthesized in this period.’ 

The relative rates of synthesis of the two types of abnormal proteins 
can best be estimated from data for the constant period, during which 
most of the labeled protein was formed. Throughout this period the 
specific activity of the excreted Bence-Jones protein was about 10 times 


that of the circulating globulin (note the ordinates of Fig. 2). Nonethe. | 


less, about 12 X 10° c.p.m. were incorporated into the myeloma globulin 


in the first 5 hours compared to only 2 X 105 into the Bence-Jones protein. | 


In other words, although the glutamic acid content of the two abnormal 
proteins is comparable (2), this amino acid was being used for the synthesis 
of the globulin 6 times as much as for the synthesis of the Bence-Jones 
protein. That is, the globulin was made from a more active precursor 
than the Bence-Jones protein, or was being made more rapidly, or both. 
This suggests that the myeloma globulin entering the blood stream in the 
first few hours may have been more radioactive than the Bence-Jones pro- 
tein, which was diluted much less by its serum pool. 

Various possibilities for the synthesis and metabolic fate of myeloma 
globulin and of Bence-Jones proteins are outlined schematically in Fig. 5. 
It cannot be presumed a priori that any particular one of the pathways 
indicated by unblocked arrows does exist or is the sole pathway. At pres- 
ent, measurement of the activities of most of the pools indicated in the 
diagram is not feasible. Consequently, we must interpret on the basis of 
the radioactivity time curve for myeloma globulin in the serum and the 
Bence-Jones protein in the urine. Present evidence, both circumstantial 
and experimental (2), implicates the plasma cell tumor as the site of syn- 


7 Because of the similarity in glutamic acid content of the two types of abnormal 
proteins (2) and because most of the radioactivity of the proteins was in this amino 
acid (10), the biosynthesis of the myeloma globulin and of the Bence-Jones protein 
can be compared in terms of their C'4 content. The calculations of the magnitude of 
synthesis of the two abnormal proteins depend on the assumption that all of the 
Bence-Jones protein synthesized appears in the urine as such. However, after in- 
travenous injection of the labeled Bence-Jones protein into the donor patient (H.H.), 
the specific activity of the excreted protein was much less than could be explained 
by the dilution calculated from the daily output. Moreover, whether the hetero- 
geneous labeled protein from this patient (H.H.) or the much more homogeneous 
protein from another patient (7) was injected into rabbits, the excretion was rapid, 
but only a fraction of the injected protein appeared in the urine. All the organs 
investigated, the serum fractions, and the urinary urea showed radioactivity, thus 
demonstrating that a portion of the Bence-Jones protein was metabolized by the 
animal (Meyer, F., and Putnam, F. W., unpublished experiments). These criticisms 
of the calculations based on total activity do not apply to those given later, which 
are based on the specific activity of the abnormal proteins (see footnote 8). 


the: 
Jon 
(16 
Bei 
poo 
poo 
cate 
Jon 
ind 
pre 
int 
Jor 
the 
oth 
cat 
The 
the 
Out 
bo 
vl 
pe 
ane 
wa 
om 
SOI 


F. W. PUTNAM AND A. MIYAKE 681 


thesis of the abnormal proteins, and C"-lysine incorporation into Bence- 
Jones protein by cultures of myeloma bone marrow has been demonstrated 
(16). Previous tracer work has conclusively shown (5-9) that neither the 
Bence-Jones protein nor the myeloma globulin is derived from the serum 
pool of the other. Because the kidney pools, as well as other extravascular 
pools, must be of similar activity to that of the serum, the processes indi- 
eated as pathways 5, 5’, 6, and 6’, as well as other processes taking place 


CIRCULATION TISSUES 


BODY TISSUE 
POOL | BREAKDOWN 
MM —->AA EXCRETION 


| 

/—b (BI-+>BI-+ BI 


SERUM KIDNEY URINE 


\' 

Fic. 5. Schematic diagram of possible precursor-product relationships of Bence- 
Jones protein (BJ) and myeloma globulin (MM): Pathways 1 and 1’, de novo synthesis 
independently from free amino acids (AA); Pathways 2 and 2’, synthesis via a common 
precursor, X, Pathway 2’ being considered abortive synthesis; Pathways 3 and 3’, 
intracellular myeloma globulin as the sole direct precursor of Bence-Jones protein 
and vice versa; Pathway 4, intracellular degradation of the globulin to form Bence- 
Jones protein, and Pathway 4’, Bence-Jones protein as a precursor of a moiety of 
the globulin; Pathways 5 and 5’, either protein as the sole immediate precursor of the 
other in the circulation, or in the kidney (Pathways 6 and 6’). The dash lines indi- 
cate participation of (or formation of) other intermediates or of free amino acids. 
The blocked arrows indicate pathways ruled out by the isotopic data. The paren- 
theses suggest a low pool concentration. 


outside the plasma cells, can be excluded. This conclusion is further con- 
firmed by the rate curves of Figs. 2 and 4. 

Within the plasma cell the C'4-glutamic acid is rapidly incorporated into 
both proteins. This could occur whether both proteins were synthesized 


-yia a common intermediate (X in Pathways 2 and 2’), were formed inde- 


pendently from the intracellular amino acid pool as in Pathways 1 and 1’, 
or if one protein were the precursor of the other as in Pathways 3 and 3’ 
and 4 and 4’. However, since the period in which highly active protein 
was being synthesized is short compared to the time of degradation of the 
myeloma globulin or to the time of urinary excretion of labeled protein, 
some information about the intracellular precursors may be gained by 
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study of the time-course of the extracellular activity curves. Such an 
analysis of the time derivatives of the activity curves revealed that the 
“precursor” activity for both abnormal proteins was temporally similar in 
that it was low for the Ist half-hour, rose to a maximum at 1.5 to 2 hours, 
and then fell sharply. This temporal similarity (like the one in Fig. 2) 
could occur whether the two proteins were synthesized independently from 
free amino acids or whether they were made via a common intermediate X, 
However, it suggests that in neither case does the glutamic acid-C" pass 
through a large pool available for synthesis of one protein but not for the 
other. The calculations indicate that throughout the period the activity 
of the intracellular precursor of the globulin was substantially higher than 
that of the Bence-Jones protein. This suggests that Bence-Jones protein 
might be formed intracellularly by breakdown in situ of the globulin or, 
alternatively, that Bence-Jones protein is formed by addition of free amino 
acids to some preformed precursor. Clearly, in the absence of further data 
on processes within the plasma cell, any of the intracellular pathways de- 
picted in Fig. 5 remains possible. 

The above conclusions are largely based on analysis of the rising parts of 
the activity-time curves. When the time relationships of the declining por- 
tions of the curves are considered, the later appearance of maximal activity 
in the globulin, despite the identity in transit periods, seems consonant 
with a precursor role of Bence-Jones protein for the globulin. Indeed, 
since the transit period for the urinary protein includes the time required 


for renal excretion, the first activity of the circulating Bence-Jones protein | 


may well have preceded that of the myeloma globulin. Although the pos- — 
sibility that Bence-Jones protein is a precursor of the globulin has been © 


proposed (17), the present analysis has shown that the time relationships 
of Fig. 4 could also occur simply because the globulin is accumulating ra- 
dioactivity whereas the urinary protein isnot. It should be noted that the 
immunological relationships of myeloma globulins and Bence-Jones pro- 
teins (18) can be explained as well by virtue of their synthesis via a 
common high molecular weight precursor as by postulating direct conver- 
sion of one protein to the other. 

From other considerations the Bence-Jones proteins can best be re- 


8 We made these calculations at the suggestion of Dr. Arthur L. Koch, using the 
equation P = MM + 1/k(d(MM))/dt, where P is the specific activity of the “pre- 
cursor,’’ MM that of the myeloma protein, and k, the turnover time. This equation 
follows from the assumption of a steady state for the formation of MM from a sole 
precursor P. The curves obtained are similar in form to the time derivatives of the 
curves of Fig. 2, but are weighted by the effect of the turnover time. For Bence- 
Jones protein, k was taken as 8.5 hours and for myeloma globulin as 14 days. The 
calculated curves almost coincide if 21 hours is taken for k for the Bence-Jones pro- 
tein and 7 days for the globulin. 
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_ garded as abortive products of a perverted and enhanced serum globulin 
_ synthesis. Both pathological proteins are formed in the plasma cell (2, 


16) and possess antigenic groupings in common with normal y-globulin 
(18). The Bence-Jones proteins are readily excreted because of their lower 
molecular weight and are often heterogeneous. They are deficient in anti- 
genic activity despite their size and their wide amino acid content. They 
possess a thermosolubility at 100° lacking in other proteins and suggestive 
of a disorganized or incomplete structure. Indeed, preliminary work in 
our laboratory indicates Bence-Jones proteins may be modified by heating 
more readily than other proteins. All this evidence speaks for a role of 
Bence-Jones proteins as by-products of the proliferating tumor cells or as 
intermediates that accumulate because of a misdirected or forced protein 
synthesis. 


SUMMARY 


The biosynthesis of proteins in a patient with multiple myeloma was 
investigated by measuring the change in specific activity with time of the 
abnormal serum globulin and the urinary Bence-Jones protein after in- 
travenous injection of pL-glutamic acid-1-C™. In both cases the C" in- 
corporation was slight in the first 40 minutes, during which time the serum 
glutamic acid activity declined abruptly and the expiratory CO: increased 
sharply. The specific activity of the Bence-Jones protein attained an 
earlier, sharper, and higher maximum than did that of the myeloma glob- 
ulin and also declined more rapidly. Yet, in the first 24 hours more C' 
was incorporated into the circulating globulin than was excreted via uri- 
nary protein. An analysis of the specific activity-time curves suggests that 
the descending portion is a function of the metabolic fate of the protein and 
that neither protein is the sole direct precursor of the other, at least not in 
the extracellular space. From the data it cannot be determined whether 
the two immunologically related, abnormal proteins are formed independ- 
ently from the amino acids of serum, or share a common intermediate, or 
whether one is converted to the other in the plasma cell. From other con- 
siderations, the Bence-Jones protein appears to be an abortive product of 
globulin synthesis. 
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THE NICOTINIC ACID ANALOGUE OF DIPHOSPHOPY RIDINE 
NUCLEOTIDE* 


By MARVIN LAMBORG,f FRANCIS E. STOLZENBACH, 
AND NATHAN O. KAPLAN 


(From the McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, 
Maryland, and the Graduate Department of Biochemistry, Brandeis University, 
Waltham, Massachusetts) 
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Analogues of DPN,' substituted in the 3 position of the pyridine ring, 
have been prepared by the animal tissue DPNase (transglycosidase) base 
exchange reaction (1, 2). It has been possible to prepare in this way the 
3-acetylpyridine, 3-aldehyde, the 3-hydrazine, and the ethyl nicotinate 
analogues of DPN. Nicotinic acid, however, does not exchange with the 
nicotinamide of DPN, and hence the nicotinie acid analogue of DPN can- 
not be synthesized by this procedure. 

The lability of 1-methyl-3-ethoxycarbonylpyridinium iodide (1-methyl- 
ethyl nicotinate iodide) in alkaline solution suggested the possibility of ob- 
taining the nicotinic acid analogue of DPN by simple hydrolysis of the 
ester analogue. In the course of purification of the ethyl nicotinate ana- 
logue of DPN by column chromatography, a new pyridine dinucleotide 
was detected and subsequently identified as the nicotinic acid analogue of 
DPN. This compound apparently arose from hydrolysis of the ester ana- 
logue on the column. The present paper deals with the preparation, iden- 
tification, and physicochemical properties of the nicotinic acid analogue of 
DPN. 


Materials and Methods 


DPN (90 to 95 per cent pure) was obtained from the Pabst Laboratories 
and I-methylnicotinie acid (trigonelline) from the Nutritional Biochemicals 
Corporation. Ethyl nicotinate was obtained from the Aldrich Chemical 
Company, Ine., and distilled prior to use. 

Pig brain DPNase, which catalyzes pyridine base exchange reactions, 


* Contribution No. 217 of the McCollum-Pratt Institute, and Publication No. 3 
of the Graduate Department of Biochemistry, Brandeis University. Aided by grant 
No. C-2374 from the National Cancer Institute of the National Institutes of Health, 
the American Heart Association, and the American Cancer Society. 

t Predoctoral Fellow of the National Cancer Institute, National Institutes of 
Health, United States Public Health Service, 1957-58. 

'The following abbreviations are used: DPN, diphosphopyridine nucleotide; 
DPNH, the reduced form of diphosphopyridine nucleotide. 
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was prepared according to the method of Kaplan (3). Neurospora 
DPNase, which irreversibly splits the nicotinamide ribose linkage, was 
prepared according to the method of Kaplan (4). Twice recrystallized 
yeast alcohol dehydrogenase was purchased from the Worthington Bio- 
chemical Corporation. This was diluted 1:25 (v/v) with potassium phos- 
phate buffer (0.05 m, pH 7.5) prior to use. 

Aqueous cyanide addition reactions were carried out according to the 
method of Colowick et al. (5). Alcoholic cyanide addition reactions were 
carried out in a similar manner except that methanol replaced water as a 
solvent (6). The methanol was saturated with reagent grade potassium 
cyanide (approximately 0.7 M at 25°). Chemical reduction of pyridine 
dinucleotides was carried out according to the method of Lehninger (7). 

Hemophilus parainfluenzae (strain 429) and a_nicotinamide-nicotinie 
acid mutant of Neurospora crassa (strain 5269M) were originally obtained 
from Dr. E. Herbst and Dr. William D. McElroy, respectively. 

Paper electrophoresis was carried out on a Reco model E-800-2 electro- 
phoresis apparatus with a Heathkit model PS-3 power supply. Ultra- 
violet spectra were measured with a Beckman spectrophotometer model 
DU with 3 ml. quartz cells and a light path of lem. Fluorescent emission 
spectra were obtained with an Aminco photofluorometer with 3 ml. quartz 
cells and a light path of 1 em. Chromatographically separated oxidized 
pyridine nucleotides and their hydrolyzed products were located under ul- 
traviolet light (Black Raymaster TF-8 and Mineralight S-2537).  Pyr- 
idine nucleotides and nucleosides were located and distinguished from ad- 
enosine diphosphate ribose by streaking the dried paper chromatogram 
with aqueous or alcoholic cyanide (8). 


Results 


The reactions employed in the synthesis of the nicotinic acid analogue 
of DPN are presented. Reaction 1 (where RPPRA stands for the adeno- 
sine diphosphate ribosyl residue of DPN) is catalyzed by pig brain DPNase. 
Reaction 2 is a non-enzymatic alkaline hydrolysis which occurs when the 
ethyl! nicotinate analogue is placed on a Dowex 1 column. 


Synthesis of Nicotinic Acid Analogue of DPN 


Synthesis of Ethyl Nicotinate Analogue of DPN—5 gm. of DPN were dis- 
solved in 20 ml. of water and neutralized with 1 n KOH. To the DPN 
solution were added 25 ml. of potassium phosphate buffer (1 M, pH 7.5), 
0.05 mole of ethyl nicotinate (7.0 ml. of pure ethyl nicotinate, 7.2 m), 200 
ml. of pig brain DPNase, and water to a final volume of 400 ml. The 
reaction mixture was incubated for 5 hours at 37°. The cyanide addi- 
tion compounds of the 6 isomer of DPN (enzymatically active DPN) 
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and the ethyl nicotinate analogue of DPN have absorption maxima at 325 
mu. Although the ethyl nicotinate analogue is attacked by the pig brain 
transglycosidase enzyme, it will not react in a standard yeast alcohol de- 
hydrogenase assay (9). Maximal yield of the analogue was obtained by 


O O 
C—NH:z C—OCH:CH; 
+ 
Nt 
| 
RPPRA 
(1) 
O O 
C—OCH:CH; C—NH: 
RPPRA 
O O 
C—OCH:CH:; Cc—O- 
(2) + H:0 — + HOCH:CH; + H* 

N*t Nt 
| 
RPPRA RPPRA 


regularly assaying the above reaction mixture by using both the cyanide 
and the yeast alcohol dehydrogenase assays. When the dehydrogenase 
assay had reached a minimum (which indicates that very little DPN is 
left) and the cyanide reaction began to decrease (which indicates that the 
ethyl nicotinate analogue as well as DPN was being cleaved hydrolytically), 
the reaction was stopped by adjusting to pH 5.0 with 5 n HCI and heating 
in a boiling water bath for 3 to 5 minutes. Cyanide and yeast alcohol de- 
hydrogenase assays showed that 10 to 15 per cent of the total DPN had 
not reacted. After chilling in ice the precipitate was centrifuged, and 0.7 
ml. of concentrated Neurospora DPNase was added to the supernatant 
solution (volume 385 ml.). This mixture was incubated at 37° for 5 hours 
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to remove all remaining DPN. At the completion of the incubation, solid 
trichloroacetic acid was added to a final concentration of 5 per cent (w/v); 
the solution was chilled, and the denatured protein was centrifuged in a 
refrigerated centrifuge. To the clear supernatant solution (which wag 
placed in 250 ml. glass centrifuge bottles having wide mouths) 4 volumes 
of cold acetone were added (the solution turns milky on addition of the 
acetone). The solution was left standing in the cold (5-10°) overnight. 
The precipitate was centrifuged at low speed (1500 r.p.m.) in an Interna- 
tional refrigerated centrifuge, dissolved in water (final volume 30 ml.), and 
stored frozen. This partially purified ethyl nicotinate analogue of DPN 
was contaminated with some a isomer of DPN which is not attacked by 
either of the DPNases (3, 4). 

Conversion of Ethyl Nicotinate Analogue to Nicotinic Acid Analogue of 
DPN—The ethy! nicotinate analogue was thawed and adjusted to pH 8.0 
with dilute NH,OH. The solution was placed on a Dowex 1 column (for- 
mate form, 3.5 X 12.5 em.) and washed with 75 ml. of water. 10 ml. sam- 
ples were collected, elution of nucleotides from the column being followed 
by increase in the absorption of light by the cyanide addition product at 
325 mu. The first nucleotide fraction was collected from 50 to 80 ml. 
After the water wash, the column was washed with formic acid-sodium 
formate (0.2:0.2 mM). A second fraction absorbing at 325 my was col- 
lected from 320 to 550 ml. Each nucleotide fraction was separately han- 
dled from this point. The solutions were made royal blue to Congo red 
indicator paper with 4 N HNO, and chilled, and 4 volumes of cold acetone 
were added before the solution was stored overnight in the cold. As be- 
fore, the precipitate was centrifuged at low speed, dissolved in a small 
volume of water, and reprecipitated with 4 volumes of cold acetone. 
After standing for 30 minutes in ice, the precipitate was again centrifuged 
and then washed once with cold acetone, followed by one wash with cold 
ether. After centrifugation and decantation of the supernatant solu- 
tion, the precipitate was air-dried for 30 minutes to remove ether vapors, 
then dried overnight in a vacuum desiccator. The white flaky material 
was recovered and stored as a dry powder in the cold. The first fraction 
(50 to 80 ml.) had a maximal absorption in aqueous cyanide at 320 my. 
This proved to be a mixture of the unchanged ethyl nicotinate analogue 
of DPN, the a isomer of DPN, and some nicotinic acid analogue. The 
second fraction (320 to 550 ml.) contained the purified nicotinic acid 
analogue which has an absorption maximum at 315 my in methanolic 
cyanide. The yield can be increased, and column disruption due to the 
hydrolysis reaction can be minimized by mild alkaline hydrolysis (pH 9.0, 
5°, 24 hours) prior to placing the solution on the Dowex 1 column. Like 
the a isomer of DPN, the nicotinic acid analogue of DPN is not attacked 
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by either DPNase (pig brain or Neurospora). The nicotinic acid analogue 
ean be distinguished from the a isomer of DPN by the cyanide addition 
reaction. The maximum for the nicotinic acid analogue is 315 my while 
for a-DPN it is 332 my. The nicotinic acid analogue (406 mg.) was 
recovered in an over-all yield of 8.1 percent. It was slightly contaminated 
with the ethyl nicotinate analogue. 

Identification of Nicotinic Acid Analogue of DPN—The nicotinic acid 
analogue is labile when heated in basic solution. A quantity of this 
analogue in 0.1 N NaOH was heated in a boiling water bath for 30 minutes. 
The products were separated and identified chromatographically and 
electrophoretically with the results shown in Table I. In the acetic acid- 


TABLE I 


Identification of Nicotinic Acid and ARPPR from Hydrolyzed 
Nicotinic Acid Analogue of DPN 


See the text for the details. 


Ry Rr 

Nicotinic acid analogue of DPN.| 0.56 0.79 

DPN basie hydrolysis.......... 0.69, 0.89 0.77 

Nicotinic acid analogue of DPN 

basic hydrolysis.............. 0.69, 0.89 0.53 0.79, 2.15, 3.59 

Nicotinic acid control.......... 0.88 0.55 3.34 

Nicotinamide control........... 0.88 0.75 0.105 

ARPPR control................ 0.69 1.90 

Ethyl nicotinate control........ | 0.11 


ethanol solvent system of Zatman et al. (10) one can identify adenosine- 
diphosphate ribose and either nicotinic acid or nicotinamide as products 
of the hydrolysis (nicotinamide and nicotinic acid have the same Ff, in 
this solvent system). The 80 per cent n-propanol system of van Eys 
et al. (11) conclusively shows that one of the hydrolysis components is 
nicotinic acid and not nicotinamide. Electrophoretic analysis (last column 
of Table I) corroborates the chromatographic results. From the mobilities 
one can easily distinguish the nicotinic acid analogue from DPN. It can 
also be seen that three distinct compounds are recovered after hydrolysis, 
namely some of the unhydrolyzed nicotinic acid analogue, ARPPR, and 
nicotinic acid. Paper electrophoresis has proved to be a convenient method 
of separating traces of the ethyl] nicotinate analogue from the nicotinic 
acid analogue. 
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Physicochemical Properties of Nicotinic Acid Analogue of DPN 


Ultraviolet Spectra and Cyanide Addition Product—-F ig. 1 shows the ultra- 
violet spectrum in water. Spectra in 0.17 nN HCl and 0.17 x NaOH have 
also been measured; though the molar absorbancy index? is the same in 
these latter solutions, the maximal absorption is shifted from 260 to 265 
mu. As shown in Fig. 1, the cyanide addition compound of the nicotinic 
acid analogue has a broad absorption maximum with maximal addition 
at 315 my. Though the aqueous cyanide addition reaction is slow in 
developing (about 5 minutes for maximal addition) compared to the 
instantaneous alcoholic cyanide addition, both reactions result in the 
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Fic. 1. Ultraviolet absorption spectrum of the nicotinic acid analogue (O) and 
its aqueous cyanide addition product (@). 0.15 umole of analogue in a final volume 
of 3 ml. was used in each case. The cyanide addition reaction was carried out in 1 
M aqueous potassium cyanide. 


formation of a compound with the same molar absorbancy index and wave 
length absorption maximum. The reactivity of the analogue in KCN 
solutions may be compared with its 1-methylpyridinium counterpart, 
1-methylnicotinic acid, which will not form an aqueous cyanide addition 
compound but will form an alcoholic cyanide addition compound at 330 
my (6). Calculated molar absorbancy indices for the nicotinic acid ana- 
logue at 260 my, pH 2.5, and its cyanide addition product at 315 my, 
pH 9.5, are 15.0 X 10° and 3.7 X 10’, respectively. 

Reduction—The nicotinic acid analogue was chemically reduced with 
sodium hydrosulfite according to the method of Lehninger (7). The 
spectrum of the reduced compound is compared with that of DPNH in 


2 Molar absorbancy index (ay), nomenclature recommended by the Bureau of 
Standards (Circular LC857, May 19, 1947), is defined as follows: ay = As/C where 
C = concentration in moles per liter and Ag = —logio transmission. 
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Fig. 2. The absorption maximum of the reduced nicotinic acid analogue 
occurs at 330 my, and its calculated molar absorbancy index is 5.5 X 10° 
as compared to the absorption maximum of DPNH at 340 my and a molar 
absorbancy index of 6.22 * 10% (12). 

Acid and Alkaline Stability—The nicotinic acid analogue is similar to 
DPN in alkaline sensitivity and relative acid stability. In 0.1 N NaOH 
at 100°, the loss of cyanide-adding material is complete in 10 minutes, 
while in 0.1 N HCl, at the same temperature, 60 minutes are required. 
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Fic. 2. Spectral comparison of DPNH (@) and reduced nicotinic acid analogue of 
DPN (O). 0.15 umole of DPNH and 0.09 umole of the reduced nicotinic acid ana- 
logue of DPN were used, each in a final volume of 3 ml. 


This loss in cyanide addition at 315 my for the nicotinic acid analogue can 
be directly correlated with the cleavage of the N-glycosidic linkage since 
nicotinic acid and adenosinediphosphate ribose can be recovered as prod- 
ucts. 

Fluorescence—The excitation wave length maxima of DPNH and 
reduced nicotinic acid analogue are 348 and 329 mu, respectively, while 
the emission maxima for DPNH and the reduced nicotinic acid analogue 
occur at 465 and 448 mu. The relative fluorescent intensity of this reduced 
analogue is about one-tenth that of DPNH. 

Titration Analysts—The nicotinic acid analogue should have the dissocia- 
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tion constants of DPN plus an additional dissociation constant for the 
unmasked carboxyl group. DPN, nicotinic acid analogue, and their 
corresponding 1-methylpyridinium iodide compounds were titrated electro- 
metrically with the following results:’ DPN, pK values 3.9, 11.3; nicotinic 
acid analogue, pK 2.2, 3.9, 11.3; trigonelline, pK 2.1; and 1-methy] nico- 
tinamide iodide, no dissociation between pK 2 and 12. The calculated 
equivalent weight for the nicotinic acid analogue obtained by titration 
is 670 + 50. 

Microbiological Growth Studies—H. parainfluenzae will grow on nicotin- 
amide riboside, nicotinamide mononucleotide, and DPN (13). Maximal 
growth with DPN is obtained at a final concentration of 10~-° m in 18 hours, 
Only slight growth was observed after 74 hours with the 10 M nicotinic 
acid analogue. The minimal DPN requirement for H. parainfluenzac is 
10-7 m._ ‘If the nicotinic acid analogue (10-5 M) is added to this minimal 
DPN medium, a stimulation in growth of about 20 per cent is observed 
after 74 hours. It appears that the nicotinic acid analogue is not a good 
substitute for DPN in this bacterium. 

DPN (24 y) can replace the nicotinamide requirement of a mutant of 
N. crassa which will grow either on nicotinic acid or nicotinamide. By 
using the same growth conditions (I ries basal medium, 30°, incubation for 
5 days), 24 y of the nicotinic acid analogue gave no growth at all. Heating 
the analogue for 30 minutes in a boiling water bath caused a cleavage of 
the N-glycosidic linkage and formation of free nicotinic acid. If the prod- 
ucts of this heat treatment are added to the medium in place of the nico- 
tinic acid analogue, growth is obtained which is equal to that of nicotin- 
amide or nicotinic acid controls. 

Capacity to Act in Enzymatic Reactions—The nicotinic acid analogue 
will not function as an electron acceptor with glycerol dehydrogenase 
obtained from Aerobacter aerogenes or lactic dehydrogenase obtained from 
Leuconostoc mesenteroides. Though the new analogue will not function 
with yeast alcohol dehydrogenase in the oxidation of ethanol to acetalde- 
hyde, the reduced analogue will reduce acetaldehyde to ethanol with 
yeast alcohol dehydrogenase at a few per cent of the rate of DPNH. 
Finally the nicotinic acid analogue is not split by any of the DPNases, 
whereas the ethyl nicotinate analogue of DPN is cleaved by the animal 
tissue transglycosidase. 


DISCUSSION 


Several possible explanations can be advanced for the relative inactivity 
of the nicotinic acid analogue in dehydrogenase reactions. First, we might 
consider the lack of activity to be due to a positional steric effect. If the 


3 We would like to thank Dr. Robert M. Bock of the University of Wisconsin for 
performing these analyses. 
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physical position requirements of the dehydrogenase reactions studied 
herein were very strict, we should not expect any of the diverse analogues 
of DPN which have been synthesized to date to function as cofactors. 
Since several analogues of DPN function quite well when substituted for 
DPN in dehydrogenase reactions (7.e. the 3-acetylpyridine and pyridine-3- 
aldehyde analogues of DPN), it is doubtful that the inactivity of the 
nicotinie acid analogue can be attributed to spatial steric effects alone. 
Another possibility is that the oxidation-reduction potential of the half 
cell nicotinic acid analogue-reduced nicotinic acid analogue is more neg- 
ative than that of the DPN-DPNH half cell; thus the over-all free energy 
change for the reactions studied might be unfavorable. Since the nico- 
tinic acid analogue cannot be enzymatically reduced in the cases studied, 
the reduced form of the analogue should be more easily oxidized than 
DPNH if thermodynamic potential is the cause of inactivity (barring the 
intervention of a major steric effect other than the one previously dis- 
cussed for the oxidized analogue). With yeast alcohol dehydrogenase, the 
reduced form of the analogue reduces acetaldehyde at only a few per cent 
of the rate of DPNH. From this experiment it would seem improbable 
that the potential of the analogue is the cause of the lack of activity. The 
most probable explanation may be the blocking or deforming of the enzy- 
matic site by a combination electronic-steric effect. Perhaps in some way 
the additional negative charge of the carboxyl grouping disorients the co- 
enzyme molecule or, because of electronic attraction, blocks and deforms 
a critically located charged portion of the enzymatic site. 

The nicotinic acid analogue of DPN is unique in that it may be the 
immediate precursor in a synthesis of DPN found in defibrinated eryth- 
rocytes. Preiss and Handler have recently reported that the amidation 
reaction requires glutamine, adenosine triphosphate, and magnesium ions 
(14). If it is assumed, for the moment, that the nicotinic acid analogue 
is the direct precursor of DPN, one might expect it to support growth in 
H. parainfluenzae and Neurospora to the same extent that DPN does. 
Since this analogue cannot substitute for DPN as a growth factor in these 
organisms, it will be interesting to see whether this lack of utilization is due 
to the impermeability of the cell wall to the analogue or to lack of the en- 
zyme system converting the nicotinic acid analogue to DPN. 


SUMMARY 


1. The nicotinic acid analogue of diphosphopyridine nucleotide has been 
prepared from the ethyl nicotinate analogue. 

2. The dinucleotide has been isolated, and the products obtained after 
cleavage of the N-glycosidic linkage have been identified. The compound 
can be distinguished from diphosphopyridine nucleotide by its electro- 
phoretic pattern, since it has an additional titratable group. 
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3. The reduced analogue has an absorption peak at 330 muy (in contrast 
to the peak at 340 my for reduced diphosphopyridine nucleotide). The 
cyanide absorption maximum is at 315 my (in contrast to the maximum 
at 325 my for diphosphopyridine nucleotide). The wave lengths of exci- 
tation maximal fluorescence for the reduced nicotinic acid analogue and 
reduced diphosphopyridine nucleotide are 329 and 340 my, respectively; 
the emission maxima are at 448 and 465 mu, respectively. Reduced di- 
phosphopyridine nucleotide gives about 10 times the fluorescence given 
by an equimolar amount of the reduced nicotinic acid analogue of diphos- 
phopyridine nucleotide. 

4. The enzymatic significance of the nicotinic acid analogue is dis- 
cussed. 


Addendum—After submission of the manuscript for publication, Ballio and Ser- 
lupi-Crescenzi (15) reported the identification of the nicotinic acid analogue of DPN 
in the mycelium of Penicillium chrysogenum and the synthesis of the analogue using 
beef spleen diphosphopyridine nucleotidase. We are able to confirm their work on 
this latter point. We had overlooked this enzymatic synthesis of the nicotinic acid 
analogue of DPN originally, since the yield is quite low compared with the yield ob- 
tained in the enzymatic synthesis of the ethyl nicotinate analogue of DPN. 
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THE ESTIMATION OF SMALL AMOUNTS OF 
CORTICOSTERONE IN RAT PLASMA* 
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Many of our investigations involving adrenal physiology have been 
carried out in the rat (1-4). Since corticosterone is the preponderant 
adrenal steroid found in rat plasma,' it became essential to develop a 
rapid, valid method for its determination. 

The Silber-Porter method (5) is inadequate for studies in the rat because 
it is neither sensitive nor specific enough. The method of Sweat (6), 
although demonstrating the usefulness of sulfuric acid-induced fluorescence 
for analysis of plasma corticosteroids, has not been found practical. 

Our method uses the double extraction technique of Silber and Porter 
and a modification of the fluorescence technique described by Sweat (7). 


EXPERIMENTAL 


Reagents— 

Chloroform, Mallinckrodt, A. R. 

Sodium hydroxide, 0.1 N. 

Ethyl alcohol, redistilled from m-phenylenediamine as recommended 
by Callow et al. (8). 

Sulfurie acid, ¢.p. grade. 

Fluorescence reagent. 2.4 volumes of sulfuric acid are added to 1.0 
volume of 50 per cent (v/v) aqueous ethyl alcohol. This reagent is stable. 

Corticosterone standard. 25.0 mg. of corticosterone are dissolved in 
50.0 ml. of ethyl alcohol. A 1:50 dilution of this standard with water | 
(10.0 y per ml.) has an absorbance of 0.483 at 247 my ina lem. cell. This 
standard is further diluted to give a working standard containing 0.15 y 
per ml. 


Materials and Methods 


Glassware washed with detergent must be rinsed with alcohol and dried 
before use. An automatic burette may be used to measure the chloroform 


* This work was supported by a National Institutes of Health grant No. CY-2079 
(C3)Pathology and the Florence Hellman Dinkelspiel Memorial Fund for Cancer 
Research, Mount Zion Hospital. 

1 Sweat, M. L., personal communication. 
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and an autopipette to measure the fluorescence reagent. The fluorescence 
readings are made in the Coleman model No. 12B or in the Farrand model 
No. 12A fluorometer equipped with the Corning No. 5113-3389 glass filters 
as a primary filter and a 540 my interference filter as a secondary filter, 
Coleman cuvettes are raised to permit the use of 3 ml. 

Extraction—Aliquots of 0.3 to 3.0 ml. of peripheral or 0.02 to 0.1 ml. of 
adrenal venous plasma are measured into a 50 ml. glass-stoppered conical 
centrifuge tube and the volume is made up to 3 ml. with distilled water, 
A blank, consisting of 3 ml. of water, and standards, containing the desired 
volume of working standard (0.5 to 3.0 ml.) in a total aqueous phase of 3 
ml., are carried through the procedure. A 45.0 ml. portion of chloroform 
is introduced into each tube and the tubes are shaken for 15 seconds. The 
tubes are then centrifuged for 5 minutes at 2500 r.p.m., and each aqueous 
layer is removed by aspiration as described by Silber and Porter (5). 

Washing—Aliquots of 4.5 ml. of 0.1 N NaOH are added and the tubes 
are shaken for 15 seconds and centrifuged. Each aqueous layer is removed 
as above. 

Extraction by Reagent—Two 15.0 ml. aliquots of chloroform extract are 
measured into clean 50 ml. glass-stoppered centrifuge tubes and 3.0 ml. of 
fluorescence reagent are added to each tube. The tubes are shaken vigor- 
ously for 15 seconds, centrifuged at 2500 r.p.m. for 5 minutes, and the 
chloroform is removed as completely and as carefully as possible without 
removing the fluorescence reagent. 

Flourescence—The sulfuric acid layer is pipetted into a fluorometer 
cuvette which is allowed to stand at room temperature. 2 hours after the 
extraction by reagent the fluorescence is measured in the fluorometer. 

Calculations—The standard curve is plotted on linear graph paper and 
the amount, A, in the sample is read from that graph. The concentration, 
C, in micrograms per 100 ml., is obtained by the formula: C = A X 100/V, 
where V is the number of ml. of plasma used. 


Results 


Specificity—The use of a simple technique for the determination of rat 
plasma corticosterone evolved from the study of the effect of the ratio of 
sulfuric acid to 50 per cent ethyl] alcohol on fluorescence (Fig. 1). It is 
seen from Fig. 1 that, at a ratio of 2.4 volumes of sulfuric acid to 1.0 
volume of 50 per cent aqueous alcohol, corticosterone fluoresces about 
five times as much as hydrocortisone. Furthermore, rat plasma follows 
the first part of the corticosterone curve closely, which indicates that a 
certain amount of specificity might be expected at lower ratios. This is 
supported by a crude fluorescence spectrum obtained by the use of four 
different interference filters and given in Fig. 2. 
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Fic. 1. Influence of the ratio of sulfuric acid to 50 per cent ethyl alcohol on the 
fluorescence of corticosterone, hydrocortisone, and rat plasma. 
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Fic. 2. Fluorescence spectrum of corticosterone, hydrocortisone, and rat plasma 
with an acid to alcohol ratio of 2.4. 
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The specificity of the method was further studied in two ways: (a) by 
estimating the fluorescence of other steroids, and (b) by physiological 
experiments with rats. 


TABLE I 
Relative Fluorescence of Steroids 
The steroids below were carried through the procedure; their fluorescence js 
expressed as per cent corticosterone. 


Steroid Fluorescence Steroid 
ence 
Corticosterone 100.0 17-Hydroxy pregnenolone 0.0 
Hydrocortisone 19.8 Pregnandiol 1.0 
Tetrahydrohydrocortisone 2.0 Androsterone 0.0 
Cortisone 0.1 Dehydroepiandrosterone 0.0 
11-Dehydrocorticosterone ° 0.1 4-Androstene-3, 17-dione 0.0 
11-Deoxycorticosterone 0.2 Estrone 3.8 
17-Hydroxy-11-deoxycorticos- 0.1 Estradiol 14.2 
terone 
Progesterone 0.0 Estriol 0.0 
17-Hydroxy progesterone 0.0 Hexestrol 0.0 
Pregnenolone 0.6 Diethylstilbesterol 0.0 
30-9 (8.68) 
20- 
(5.19) 
= oO 
10- - 
on 
Oo 
x (1.03) 
(0.71) (0.66) 


TIME IN HOURS 


Fig. 3. Effect of bilateral adrenalectomy on the corticosterone level of rats. 
Each point represents the mean of five animals; the standard deviations are given in 
brackets. 


The result of the chemical experiment (Table I) shows that, of all the 
steroids investigated, only hydrocortisone and estradiol fluoresce appreci- 
ably. 
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The lack of plasma fluorescence after adrenalectomy (Fig. 3) indicates 
that most of the fluorescence obtained in the plasma of the intact rat is 
derived from adrenal steroids. From Sweat’s data! the fluorescence con- 
tribution of hydrocortisone in rat plasma can be estimated to be of the 


TABLE II 
Influence of Oophorectomy on Fluorescence of Plasma in Adrenalectomized Rats 


Bilateral oophorectomy was performed 6 weeks before the final bleeding. The 
time between bilateral adrenalectomy and the final bleeding is given in days. 


Rat No. Ovaries Days after adrenalectomy Corticosterone 
Re. y per 100 ml. 

887 Intact 7 2.1 
888 9 7 2.4 
883 ” 14 2.4 
884 = 14 3.1 
885 Removed 7 1.3 
886 7 3.2 
881 ” 14 2.2 
882 sie 14 1.8 
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Fig. 4. Development of fluorescence in function of time 


order of 6 per cent at an acid to ethanol ratio of 2.4; our investigations 
indicate a contribution of approximately 5 per cent at that ratio. 

The fluorescence due to endogenous estrogen is negligible because the 
values of plasma corticosterone for oophorectomized-adrenalectomized 
rats are of the same order as those for adrenalectomized rats (Table II). 

Characteristics of Fluorescence—The fluorescence spectrum obtained with 
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the filter system described in the method is given in Fig. 2. It is similar 
to spectra obtained by other workers (7, 9) under similar conditions, re| 


From Fig. 4 it is seen that the development of fluorescence is virtually 33 
100 : cel 
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Fic. 5. Relationship between fluorescence and plasma volume, and fluorescence 
and corticosterone concentration. 1. 
2. . 
TaBLE III 
Analysis of Corticosterone in Small Quantities of Peripheral Plasma 4 | 
All data are expressed in micrograms. - 
Corticosterone 7 
Plasma, ml. Corticosterone 
Added Found Recovered 
1.0 0.333 + 0.012 33.3 0.250 0.555 + 0.002 0.222 
0.2 0.069 + 0.002 34.5 0.200 0.251 + 0.005 | 0.182 


completed 2 hours after the extraction of the chloroform aliquot with the 
fluorescence reagent. 

Corticosterone concentrations ranging from 0.05 to 5.0 y plotted against 
fluorescence produce a linear relationship (Fig. 5). This indicates the 
absence of self-absorption in that range. 

The absence of quenching substances in rat plasma is suggested by the 
linear relationship obtained when fluorescence is plotted against plasma 
volumes ranging from 0.2 to 3.0 ml. (Fig. 5). 
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Sensitivity and Reliability—Data on the sensitivity of the method are 
reported in Table III; the results obtained with 1.0 ml. of plasma were 
33.3 + 1.2 y per 100 ml. of corticosterone with a recovery of 88.8 per 
cent. These do not differ significantly from those obtained with 0.2 ml. 
of plasma, 7.e. 34.5 + 1.07 per 100 ml. with a 91.0 per cent recovery. 
Quantities as small as 0.2 ml. are clearly sufficient for analysis under these 
conditions. 

In order to test the reliability of the method, samples of a rat plasma 
pool (Long-Evans male rats) were placed in small test tubes and stored 
in the frozen state. Determinations made on 8 different days showed a 
mean of 29.9 y of corticosterone per 100 ml. with a standard deviation of 
1.15 and 95 per cent confidence limits of 2.6 y per 100 ml. 


SUMMARY 


A method for the fluorometric determination of rat plasma corticosterone 
has been described. ‘The method is sensitive, for as little as 0.2 ml. of 
plasma permits a duplicate determination. Data are presented which 
indicate the specificity and reliability of the method. 


Some of the steroids used in this study were generously donated by K. 
Pfister, Merck and Company, Inc., Rahway, New Jersey. Grateful 
acknowledgment is made to Sarah Cheiker for technical assistance. 
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THE ENZYMATICALLY CATALYZED RELEASE OF 
CHOLINE FROM LECITHIN* 


By EYSTEIN EINSETT ann WALTER L. CLARKT 


(From the Department of Biochemistry and Nutrition, Cornell University, 
Ithaca, New York) 


(Received for publication, April 15, 1957) 


In a recent series of papers, Kates (7-9) has presented a wealth of in- 
formation in regard to the breakdown of lecithin by plant enzymes. A 
part of the work has been concerned with the degradation of phosphatidyl- 
choline by carrot chromoplasts. The initial impetus to investigations 
concerned with phospholipide hydrolyzing plant enzymes which release 
free choline came from Hanahan and Chaikoff. These workers initially 
postulated (4), and later demonstrated (5, 6), the presence of an enzyme 
in carrots and cabbage capable of releasing large amounts of choline and 
a phosphatidic acid-like substance from plant lecithins. In their work 
with carrots, and likewise with cabbage tissue, these investigators were 
greatly limited by the extreme sluggishness of their reaction system. Simi- 
lar difficulties were experienced by Acker et al. (1) in their attempts to 
purify and study the reaction mechanics of the enzyme from carrots. In 
Kates’ laboratory (7) it was found that enzyme activity from several dif- 
ferent plant sources was greatly enhanced if diethyl ether were present in 
the reacting system. Under such conditions, activity could be measured 
after a 10 to 15 minute period, as contrasted to previously reported incu- 
bation times ranging from several hours to days. Kates’ initial report 
(7) showing the activating effect of diethyl ether could be presumed to in- 
dicate that, given the proper conditions, the reaction would conform more 
closely to that expected from enzyme catalysis. ‘The work reported here 
indicates conditions which suggest the ease with which the system might 
presumably operate in nature. Of a group of inorganic salts tested, several 
of which increased the rate of cleavage of phosphatidylcholine, calcium 
(as the chloride) was the most potent activator. A satisfactory system 
for the analysis of carrot phospholipase D activity is presented which with 
slight modifications presumably could be applied to the analysis of other 


* The data in this paper are taken from a thesis submitted to the Graduate School 
of Cornell University in partial fulfilment of the requirements for the degree of Doc- 
tor of Philosophy. 

t Present address, Fishery Products Laboratory, United States Department of the 
Interior, Fish and Wildlife Service, Ketchikan, Alaska. 

t Present address, Department of Nutrition and Food Technology, Research Di- 
vision, American Cyanamid Company, Pearl River, New York. 
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plant tissues as well. The presence of calcium ion-activated phospho- 
lipase D has been demonstrated in several vegetables, supporting the con- 
tention that it is an enzyme common to many plants. 


Materials and Methods 


Preparation of Enzyme Extract—100 gm. of trimmed, washed, raw carrots 
were diced and ground with an equal weight of ice-cold distilled water for 
90 seconds in a Waring blendor at 3°. The homogenate was then filtered 
(Schleicher and Schuell No. 595) in the cold and the filtrate used as the 
enzyme source. According to the method of Fisk (2), the amount of cal- 
cium found in one aqueous extract was 1.06 mg. per ml. This concentra- 
tion, merely indicative of the levels which might be encountered, is so low 
that it cannot be detected enzymatically in the reaction system by the 
methods employed. 


Substrate—A commercial soy bean preparation was used. 52 mg. of | 


this mixed phospholipide yielded 2.07 mg. of choline when analyzed by the 
method of ‘Tsuji (12). Thus, the substrate, assuming a molecular weight 
of 778.1, contained 25.6 per cent phosphatidylcholine. The analysis for 
calcium, 0.36 mg. per gm., revealed a concentration too low to affect the 
reaction system appreciably. 

Buffer—m/15 phosphate buffer was used throughout the study. 

Choline Measurement—Tsuji’s modification (12) of Glick’s method (3) 
was employed for the determination of choline. A standard choline curve 
was prepared with choline chloride, the purity of which was determined 
by the Kjeldahl-boric acid method. The yield of free choline in a reaction 
system was determined in the following manner: 10 ml. of the reaction 
mixture inactivated, as described below, at a pH of 1.5 to 2.5 were decanted 
into a 24 X 120 mm. centrifuge tube. The flask was washed with 15 ml. 
of anhydrous diethyl ether (reagent grade), and this solution was added to 
the mixture in the centrifuge tube. The tube was corked, shaken vigor- 
ously thirty times, uncorked, and centrifuged to separate the two phases. 
The ether layer was drawn off with suction and discarded. This extraction 
procedure was repeated twice. With a pipette, 7 to 8 ml. of the aqueous 
phase were transferred to a 50 ml. beaker and aerated with a capillary tube 
until ether fumes could no longer be detected. 5 ml. of the aerated solution 
were transferred to a 19 * 150 mm. test tube, and the concentration of 
choline was determined. Recovery experiments, performed by adding 
choline chloride to typical reaction mixtures, indicated that the method 
was satisfactory. 

Measurement of Activity. Method 1—In the exploratory phases of this 
work, an assay procedure with diethyl ether as the activator was used. 
A suitable quantity (usually from 40 to 160 mg.) of the crude substrate 
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was weighed into the reaction vessel (50 ml. glass-stoppered Erlenmeyer 
flask), and 4.5 ml. of ether-saturated, M/15 phosphate buffer, pH 5.8, were 
added. After standing for 20 minutes, the flask with its contents was 
shaken vigorously to emulsify the substrate. Then a suitable quantity of 
distilled water was added, and the mixture allowed to equilibrate at 30°. 
At zero time, a quantity of enzyme sufficient to make the volume to 9.5 
ml. (excluding substrate volume) was added. The system was inactivated 
by adding 0.5 ml. of 20 per cent trichloroacetic acid (TCA), and analyzed 
for free choline by the method described. This procedure did not give 
entirely consistent results, and, as shown by Kates (8), this was in all 
probability due to the failure to keep the ether concentration constant. 
For satisfactory results with ether an excess must be used to guarantee 
saturation during the reaction. 

Method 2—After finding the enzyme system greatly activated by the 
presence of calcium ions, diethyl ether was dispensed with entirely. Sub- 
strate in the prescribed amount was weighed into the 50 ml. glass-stoppered 
Erlenmeyer flask. 4.5 ml. of M/15 phosphate buffer at the desired pH 
(pH 5.8 unless stated otherwise) were added, plus whatever volume of dis- 
tilled water was required to reach a final reaction volume of 9.5 ml. The 
mixture was allowed to stand for 30 minutes. The flask was then shaken 
vigorously 100 times to obtain an even dispersion of the phospholipide. 
The reaction vessel with its contents, the freshly prepared enzyme extract, 
and the calcium chloride solution were allowed to equilibrate separately in 
a 30° water bath (optimal temperature measurements excluded). En- 
zyme in the required amount, 0.8 ml. unless otherwise specified, was added 
to the flask which was swirled to mix the contents well. At zero time, the 
calcium chloride solution was added in a quantity sufficient to make the 
contents of the vessel to 9.5 ml. (The volume contributed by the substrate 
was disregarded. Unless otherwise stated, calcium was added in a concen- 
tration sufficient to attain 0.01 m for the system.) Standard reaction time 
was 3 minutes. 0.5 ml. of 20 per cent TCA was added to stop the reac- 
tion, and the free choline determined in the usual manner. 

Definition of Enzyme Activity—Enzyme activity is defined as the number 
of mg. of choline released from the phospholipide in 3 minutes. In general, 
enzyme activity was measured in duplicate. Where this was not feasible, 
the entire series of experiments was repeated. 


Results 


Caleium Activation—The addition of a second activator to the reaction 
system (Method 1) was detected through an additive effect reflected by 
increased enzyme activity. Relatively strong activation was achieved 
with CaCl, and its optimal concentration in the system (‘“Method 2’) was 
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found to be 0.01 m (added Cat**), corresponding to an ionic strength of 
uw = 0.03. At this level, therefore, a comparison was made of several 
inorganic salts (Table 1) by both assay methods. The comparative actiy- 
ity values listed under Method 1 (incubation time, 2 hours) are greatly 
distorted, owing to the different individual reaction rates and an overlong 
reaction period of 2 hours. The fact remains that a variety of ions in- 
fluence enzyme activity. A more valid comparison of the same salts as 
activators appears under Method 2 in Table I (incubation time 3 minutes), 
Under these conditions, the calcium salt clearly shows its superiority. 
Indispensability of Calcium Activation—The relation between Cat+ con- 
centration and enzyme activity was determined in several trials; some of 
the experimental results are given below. In the absence of added Ca*, 
enzyme activity is absent when the accepted diethyl ether assay method 
is used. However, in the same system, the substitution of Nit* for Ca++ 


TABLE I 
Effect on Enzyme Activity of Various Metallic Chlorides at Ionic Strength 0.03 


Mn** Lit | K* | Cutt | Fet+ 


zn 


Cation | | Ni** ‘com Mg** 


Method 1 (2 hrs.) 


Activity, | 0.0, 6.1 }5.9 | 4.2) 2.1/2.1) 0.4] 0.3 | 0.3 0.3) 0.3 Trace! 0.0 
mg. free 
choline 


Method 2 (3 min.) 


0.0 2.64 | 0.16 0.0 0.0 | 0.0 0.0 0.0 | 0.0 0.0 0.0 0.0 0.0 


results in a trace of activity. Likewise, a variety of inorganic salts elicits 
activity if a longer incubation period is allowed. Also, Kates (7) found 
that an otherwise sluggish system is activated by diethyl ether, the deter- 
gent Dreft, and acetone. 

These observations suggest that many of the activating effects are due 
to physical alterations of the substrate. Moreover, addition of a salt to 
the apparently quite homogenous mixture of substrate and buffer leads to 
the immediate formation of a clumped, curd-like suspension. Calcium is 
far more effective as an activator than any other ion tested, but it does not 
appear indispensable. However, the substrate and enzyme employed 
contained small amounts of this cation, which could possibly account for 
apparent activation by other salts. 

It has not yet been determined whether Cat* is the primary activator, 
i.e. whether the other activators would retain their influence in a Ca*+-free 
system. Ina 9.5 ml. assay system containing 160 mg. of crude substrate 
and 0.8 ml. of enzyme containing 0.058 mg. and 0.848 mg. of Cat*, respec- 
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tively, as an impurity, the added Ca** (0.01 m, 38.0 mg.) was supplemented 
by approximately 0.906 mg., bringing the total concentration to 1.24 X 
m Thus, even though the effect of 0.24 Mm Ca** alone 
could not be detected by a rapid assay such as Method 2, it might well 
be detected by longer incubations or with the help of “‘secondary” acti- 
vators such as Nit+ or diethyl ether. In this connection it may be re- 
called that Ca++ and ether were observed to exhibit an additive activating 
effect under the proper conditions. Further work is necessary to clarify 
this effect. 

Preincubation Studies—Preliminary experiments showed inconsistent 
results in assays for enzyme concentration, notwithstanding careful atten- 
tion to detail in the duplication of experiments. The most variable factor 


@- 

2 oul 

LEGEND: 
@ CALCIUM - SUBSTRATE PREINCUBATION 
© CALCIUM- ENZYME PREINCUBATION 
@ ENZYME -SUBSTRATE PREINCUBATION 
¢) 5 10 15 20 25 30 35 40 45 


MINUTES PREINCUBATION 


Fic. 1. Preincubation of reaction components and resultant effect on enzyme ac- 
tivity. Substrate level 160 mg. 


noted in these experiments was the time which elapsed during temperature 
equilibration of the reaction mixture before the addition of enzyme at zero 
time. ‘This would necessarily involve an inconstancy in the preincubation 
time of substrate and Cat+. 

To overcome this discrepancy, a series of studies was made in which 
various possible combinations of enzyme, Catt, and substrate were incu- 
bated. Typical results (Fig. 1) indicated that the initiation of the meas- 
ured reaction should be made with Ca** rather than enzyme, in view of the 
constancy of the enzyme-substrate activity values for various preincuba- 
tion times in contrast to the same values for calcium-substrate or calcium- 
enzyme activities. This procedure proved suitable, and is the basis for 
Method 2. 

Precision of Activity Assay (Method 2)—The precision of the method is 
very good, especially at the lower substrate levels, as illustrated by the 
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activity values presented in Table II. It is not implied that one should 
compare the three sets of duplicates, since the enzyme concentration may 
vary from one carrot extract to another. 


TABLE II 
Precision of Accepted Method for Enzyme Analysis 


Activity, mg. free choline 
(S) Experiment 1 Experiment 2 Experiment 3 

(a) (b) (a) (b) (a) (b) 

mg. 
40 0.96 1.00 1.10 1.04 1.06 
60 1.48 1.48 1.56 1.54 1.50 1.52 
80 1.78 1.80 1.96 2.06 2.00 2.00 
120 2.40 2.50 2.80 2.64 2.52 2.52 
160 2.84 3.00 3.20 3.54 3.04 3.06 


2 ml. of 0.0475 m calcium chloride; 3 ml. of aqueous carrot enzyme extract. 
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INITIAL pH OF REACTION 


Fic. 2. Enzymatic activity of carrot extract as influenced by pH. Systems con- 
taining 7.7 ml. of M/15 phosphate buffer, 160 mg. of substrate, in a total volume of 
9.5 ml. 


Kinetics 


pH-Activity Curve—The actual measurement of activity at a given buffer 
pH was preceded by an electrometric determination of pH values in the 
reaction system. A somewhat higher than usual level of buffer was used. 
Each component measurably influenced the hydrogen ion concentration. 
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Likewise the reaction itself rapidly lowered the pH, especially near the 
optimum. The results indicate a fairly well defined activity optimum at 
pH 5.5, evident in Fig. 2. 

Influence of Enzyme Concentration—It was shown (Fig. 3) that, for two 
levels of substrate concentration, the rate of choline liberation was depend- 
ent upon enzyme concentration. The rate does not increase linearly at 
the lower substrate level, but approaches such a relationship in the other 


LEGEND: 
@ 41.0 MG LECITHIN/9.5 ML o 
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ML ENZYME EXTRACT 


Fic. 3. Substrate hydrolysis as influenced by enzyme concentration 


case. Difficulties with the system were encountered at high substrate 
concentrations (160 mg.) because of a very high viscosity. 

Influence of Substrate Concentration—The relationship obtained between 
the initial reaction velocity and the concentration of substrate conformed 
well to theoretical curves corresponding to the Michaelis-Menten equation. 
Approximations of the K, in the usual manner (10), with 778.1 as the 
molecular weight of the substrate, gave a value of 1.0 K 10-? mM. This 
value is similar to one obtained by Kates (8) for spinach chloroplast enzyme 
activated by diethyl] ether. 
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Order of Reaction—Time-activity studies at several substrate levels 
yielded curves representative of a monomolecular reaction. This is shown 
in Fig. 4, where log (a/(a — 2x)) is plotted against t, and a represents the 
initial concentration of lecithin in the intact phospholipide, z represents 
the loss of ether-soluble lecithin, and ¢ represents time. The reaction con- 
stant k, determined from the equation, k = 2.3 (log (a/(a — x))/t), ap- 
proached constancy for a given substrate concentration. 
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@ 41.0 MGLECITHIN/9.5 ML 
© 10.2 MGLECITHIN/9.5ML 
0.400 = 
O 
_ ) 
* 0.300 a 
a 
~ 
a 
@ 
o 
oO 
ould 
0.200 
0.100 
) 2 3 4 5 


MINUTES REACTION 
Fic. 4. Activity-time curves for phospholipase D at two substrate levels 


Influence of Incubation Temperature—Representative data which relate 


incubation temperature to activity are presented in Fig. 5. Contrary to 
previous work (5) which suggested that activity at 25° was as great or 
greater than at 35°, a definite optimum was found at about 40°. At this 
temperature, the enzyme is stable for at least 10 minutes, as evidenced by 
the data on thermal stability. 

Thermal Inactivation—A series of constant temperature baths was pre- 
pared, ranging from 30—-96°. Aliquots of the aqueous enzyme extract 
were held at each temperature for 10 minutes with constant stirring, cooled 
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immediately to assay temperature (30°), and analyzed for activity. Since 
initial results indicated that loss of activity took place largely in the 40—50° 
range, this interval was rechecked. Fig. 6 shows the results of the two 
inactivation curves. 

Phosphorylcholine Cleavage—The cleavage of phosphorylcholine by the 
calcium-activated carrot enzyme was investigated. The crude phospho- 
lipide substrate level was 160 mg., while the aqueous barium phosphoryl- 
choline chloride was used in amounts of 18.67 mg. per flask. Thus both 


> 
q 3} al 
oon 
0 | | | 
20 25 30 35 40 45 50 55 


REACTION TEMPERATURE - °C 
Fic. 5. Enzyme activity as influenced by temperature. Substrate level 160 mg. 


substrates were present at a level of 0.00554 mM. Asillustrated in Table III, 
it is apparent that phosphorylcholine is quite inert toward the carrot prep- 
aration. As evidenced by the pH-activity curve (Fig. 2), the enzyme re- 
tains a considerable amount of activity at pH 5.02. 

Enzyme Localization—-An experiment was designed to compare the ac- 
tivity of carrot juice prepared by different methods. One batch of carrots 
Was extracted with water in the usual fashion; another was pressed to yield 
full strength carrot juice. The activities of these two preparations, as well 
as those of filtered' aliquots of each, were determined. The results are 


1 Pyrex brand Morton bacteriological filter apparatus, ultrafine porosity (Pyrex 
No. 33990 filter apparatus). 
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presented in Table IV. The data clearly indicate that the enzyme is as. 
sociated with the particulate fraction of the cell, but that it is relatively 
soluble by aqueous extraction. High speed centrifugation of aqueous ex- 
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HOLDING TEMPERATURE °C 
Fic. 6. Two experiments illustrating thermal inactivation. Substrate level 160 mg. 


TaB_e III 
Comparative Cleavage of Lecithin and Phosphorylcholine by Phospholipase D 
Substrate Reaction period Initial pH 
min 

Phosphorylcholine.............. 3 5.02 0.26 


* In (1) and (2), enzyme was introduced after the addition of 20 per cent TCA. 


tracts (26,000 * g) was likewise ineffective in removing enzyme activity 
from the supernatant liquid. 

Phospholipase D Activity in Several Vegetables—-An enzyme has been 
found in a number of plant tissues which apparently is capable of liberating 
choline from lecithin. Ina superficial survey of a number of common vege- 
tables, varying degrees of phospholipase D activity were encountered. The 
procedure used for preparing aqueous carrot extract was followed through- 
out. The results appear in Table V, with a value for carrots for compari- 
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son. A substrate level of 160 mg. was used. Two blanks were run with 
each vegetable; one without added Ca** and the other without substrate. 
Blanks without substrate were all equal to zero. Any conditions employed 
have been proved near optimal for the carrot enzyme only. 


TABLE IV 
Aqueous Elution of Phospholipase D Activity from Particulate Tissue Fraction 
Preparation Activity, mg. free choline 
TABLE V 


Response to Calcium Ion Activation by Phospholipase D 
System of Several Vegetables 


Source Blank* Activity, mg. free choline 
Deans, groom 0 0.90 


| 
| 
| 


* No calcium. 
+ Known to vary considerably. 
t Corrected for blank. 


DISCUSSION 


In their studies on the dependence of the carrot enzyme on pH, Hanahan 
and Chaikoff (5) found the enzyme system more active at 25° than at 37° 
in a phosphate-buffered solution at pH 5.9. The use of acetate buffer 
yielded similar results. Acker et al. (1), with citrate buffer, pH 5.8, ob- 
tained a poorly defined temperature optimum between 25-35°. Kates 
(8) did not present data for carrot enzyme, but, working with spinach en- 
zyme and acetate buffer, obtained results comparable to those of Hanahan 
and Chaikoff. In the light of the activating influence of the calcium ion 
(and others), it is interesting to note that Kates (8) made the following 
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statement with regard to the decreased activity at 35°: “it is more probable 
that the lowered rate at 35° is due to decreased adsorption of the lecithin 
on the chloroplasts, together with increased rate of inactivation of enzyme 
by diethyl ether.” Possibly the somewhat higher temperature optimum 
of 40° in the calcium-activated system is due to binding of calcium ion to 
the enzyme, which may be stabilized thereby. 

With the enzyme concentration fixed at a high value, essentially complete 
hydrolysis was achieved, about 75 per cent of which took place in 3 min- 
utes. Acker et al. (1) reported the liberation of choline and inorganic 
phosphate from yeast lecithin by carrotextracts. Although they also found 
phosphorylcholine to be hydrolyzed by their carrot preparations, they 
inferred from their data that choline was liberated initially, the phosphate 
arising by hydrolysis of the resulting phosphatidic acid. Hanahan and 
Chaikoff (5) observed little or no formation of inorganic phosphate from 
their substrate. In a more rapidly functioning system, Kates (8) found a 
detectable amount of phosphate liberation by carrot chromoplasts, the 
evidence pointing to phosphate as a product of phosphatidic acid and not 
phosphorylcholine hydrolysis. The results obtained with the calciun- 
activated system agree well with the latter scheme, phosphorylcholine not 
being decomposed after prolonged incubation with the enzyme. 

The enzyme from carrots is presumed to be soluble in aqueous extracts, 
since active preparations readily passed through a bacteriological filter. 
Contrariwise, carrot press-juice filtered in the same fashion showed no ac- 
tivity. This is in accord with Kates’ (7) conclusion that the enzyme is as- 
sociated with the plastid moiety of the cell and that the cell sap cytoplasm 
fraction is inactive. Recently, Tookey and Balls (11) investigated cotton- 
seed phospholipase D and found that an aqueous solution of the enzyme 
was not removed from solution by a strong centrifugal field. Approxi- 
mately identical observations were made by us with the carrot enzyme. 


SUMMARY 


A soy bean phospholipide was hydrolyzed in the presence of several 


inorganic salts by phospholipase D from carrots. The enzyme, which 
catalyzes the release of choline from lecithin, was activated by several 
ions, among which calcium ion was the most potent. 

A procedure for the analysis of the activity of phospholipase D is de- 
scribed. 

Previous findings to the effect that the enzyme system during the initial 
70 per cent of substrate hydrolysis yielded results representative of a first 
order reaction were substantiated. Hydrolysis of the lecithin fraction of 


the phospholipide proceeded to within 5 per cent of completion. From 40 [ 


to 75 per cent of the hydrolysis occurred within the first 3 minutes of reac- 
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tion. The optimal pH of hydrolysis was established at 5.5, while the 
optimal temperature was approximately 40°. 3 minutes at 55° completely 
inactivated the enzyme. 

With use of phosphorylcholine as a substrate, little if any cleavage could 
be detected in the system, even by a 10-fold increase in the usual incubation 
period. 

Additional evidence has been presented to strengthen earlier claims that 
phospholipase D activity in carrots is associated with the particulate matter 
of the plant cell, but that the active moiety is readily soluble in water. 

The presence of calcium-activated phospholipase D has been demon- 
strated in the rutabaga, beet, carrot, cabbage, spinach, potato, green 
string bean, sweet corn, and onion. 
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NICOTINAMIDE RIBOSIDE PHOSPHORYLASE FROM 
HUMAN ERYTHROCYTES 


I. PHOSPHOROLYTIC ACTIVITY* 


By LAWRENCE GROSSMANT NATHAN O. KAPLAN} 


(From the McCollum-Pratt Institute, The Johns Hopkins 
University, Baltimore, Maryland) 


(Received for publication, July 23, 1957) 


There have been a number of reports of animal enzymes which act on 
the high energy nicotinamide-ribose linkage of DPN and TPN! (1-4) and 
the riboside of nicotinamide (5, 6). In most instances the splitting of DPN 
or TPN by DPNases can be prevented by free nicotinamide (3, 4, 7-9). 

A DPNase from Neurospora crassa has been purified, which also cleaves 
DPN at the nicotinamide ribose linkage (10). This enzyme has many 
properties similar to those of the animal tissue DPNases; however, it is 
relatively insensitive to the action of nicotinamide (11). 

In this communication an enzyme will be described which splits NR 
phosphorolytically. The inactivation of this riboside is non-competitively 
inhibited by free nicotinamide and as such resembles the animal tissue 
DPNases. 


Materials 


The DPN used in these experiments was obtained from the Pabst Lab- 
oratories. The purity was 85 per cent as determined by absorption at 
340 mu after complete enzymatic reduction (12) and absorption at 325 
mu after cyanide addition (12). NMWN was prepared from DPN by treat- 
ment with a purified snake venom pyrophosphatase and passage through 
a Dowex 1 anion exchanger (formate form) which retained the adenylic 


* Contribution No. 218 of the McCollum-Pratt Institute. Aided by grants from 
the National Cancer Institute (grant No. C-2374C), National Institutes of Health, 
the American Cancer Society, and the American Heart Association. 

t Postdoctoral Fellow of the National Cancer Institute, National Institutes of 
Health, United States Public Health Service, 1954-56. Present address, Graduate 
Department of Biochemistry, Brandeis University, Waltham, Massachusetts. 

t Present address, Graduate Department of Biochemistry, Brandeis University, 
Waltham, Massachusetts. 

‘The following abbreviations will be used: diphosphopyridine nucleotide, DPN; 
triphosphopyridine nucleotide, TPN; nicotinamide mononucleotide, NMN; nico- 
tinamide riboside, NR; diphosphopyridine nucleotidase, DPNase; nicotinamide 
mononucleotidase, NMNase; nicotinamide riboside phosphorylase, NRase; p-chlo- 
romercuribenzoate, PCMB. 
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acid. NR was obtained from NMN by incubation with prostatic phos- 
phatase, followed by passage through a Dowex 1 anion exchanger (formate 
form) which retained the inorganic phosphate. A more detailed deserip- 
tion of these procedures can be found elsewhere (13). The 3-acetylpyr- 
idine, isonicotinic acid hydrazide, and pyridine-3-aldehyde ribosides were 
prepared from the corresponding DPN analogues in a similar manner. 

Human erythrocytes were obtained from freshly drawn heparinized 
blood or from blood generously supplied by The Johns Hopkins Hospital 
Blood Bank. 


Methods 


Ktither freshly drawn venous blood or “outdated”? blood, stored with 
appropriate salt solutions, was centrifuged, and the plasma was discarded. 


The sedimented cells were washed four times with cold isotonic saline and | 


centrifuged after each wash. The saline washings were discontinued 
when samples of the supernatant fluid no longer produced a visible pre- 
cipitate when treated with an equal volume of 10 per cent trichloroacetic 
acid. The sedimented cells were suspended in an equal volume of cold 
isotonic saline when assays of the intact erythrocytes were required. 
Lysis of the washed erythrocytes was accomplished by freezing the 
sedimented cells in a dry ice-acetone bath. The frozen cells were thawed 


in combination with an addition of equal volumes of cold distilled water, | 


and the mixture was centrifuged for 3 hour at 100,000 X g in a Spinco 
preparative ultracentrifuge. The hemolysate was then separated from 
the sedimented stroma and unhemolyzed erythrocytes, and both fractions 
were stored in the frozen state for enzymatic assay. 


Assay Procedures 


The enzymatic activities of the intact erythrocytes, hemolysate, and 
purified nicotinamide riboside phosphorylase were determined by utilization 
of the fluorometric procedure devised by Levitas et al. (14) for ribosidically 
linked nicotinamide derivatives. Free nicotinamide does not react fluoro- 
metrically, nor does it react with cyanide. The reaction mixture, placed in 
a 10 ml. TenBroeck all-glass homogenizer, contained 0.15 umole of sub- 
strate, 0.1 ml. of mM phosphate buffer, saline or water to 1.50 ml., and as the 
last component 1.0 ml. of washed cells or hemolysate. After rapid mixing 
the solution was incubated for appropriate time periods at 37°; 1.50 ml. of 
10 per cent trichloroacetic acid were then added, and the mixture was 
homogenized and filtered through Whatman No. 1 filter paper. Control 
tubes containing standard quantities of DPN, TPN, NMN, or NR, with- 
out the enzyme, treated in an identical fashion showed no significant loss 
of substrate when exposed to this procedure. An aliquot of 0.1 ml. was 
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removed, diluted to 1.0 ml. with water, and then assayed fluorometrically 
by the methyl ethyl ketone procedure. All fluorometric determinations 
were carried out on a Coleman model 12 electronic photofluorometer 
equipped with a No. AH-4 mercury vapor lamp, screened by a Coleman 
No. B-1 filter. The fluorescent light is filtered through a Coleman No. 
PC-1 filter. 

The cyanide addition reaction (12), which is specific for the pyridinium 
nitrogen-ribose linkage, was also used to assess enzymatic activity in the 
hemolysate and the purified system. The reaction mixture contained 1.5 
umoles of substrate, 0.01 M phosphate buffer, 25 units of enzyme, and 
water to a final volume of 0.7 ml. At appropriate time intervals 0.1 ml. 
aliquots were removed from the reaction mixture; 3.0 ml. of 1.0 Mm KCN 
were then added, and the optical density was determined at 325 mp. A 
unit of enzyme is the amount which will cause a cleavage of 0.1 umole 
of NR in 60 minutes. 


Purification of Nicotinamide Riboside Phosphorylase Activity 


The NRase was fractionally precipitated at 50 per cent saturation, and 
pH 8.0, with saturated ammonium sulfate. The precipitated enzyme was 
redissolved in a minimal volume of cold distilled water and reprecipitated 
at 60 per cent saturation. The precipitated enzyme, when dissolved, was 


— dialyzed overnight against distilled water in the cold. 


100 ml. of the dissolved ammonium sulfate precipitate were brought 
to pH 5 with M acetic acid and then made up to a volume of 300 ml. with 
water. To this mixture 60 ml. of a calcium phosphate gel (17.9 mg. per 
ml.) were added. The gel mixture was stirred for 15 minutes and centri- 
fuged. The gel pellet was washed three times with 60 ml. of water, and 
the enzyme was eluted from the gel by suspension with 25 ml. of 0.5 mM 
phosphate buffer (pH 7.8) and centrifuged. The precipitate was washed 
once more with the same volume of buffer, and both supernatant frac- 
tions were combined. The NRase eluted from the gel was dialyzed over- 
night, against cold distilled water. The dialyzed, slightly pinkish enzyme 
can either be stored in the frozen state or refrigerated with little loss in 
enzymatic activity. A summary of the purification steps is given in 
Table I. 


Results 


Splitting of Nicotinamide Derivatives in Intact Erythrocytes—The split- 
ting activities exhibited by the intact erythrocyte are presented in Fig. 1. 
NMN is cleaved the most rapidly of the various nicotinamide derivatives. 
The ratio of splitting rates of DPN to TPN and NMN is similar to that 
which is observed in stroma devoid of hemolysate (15). 
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Nicotinamide Sensitivity in Intact Erythrocyte—The sensitivity to nie- 
otinamide of different activities in the intact erythrocyte was determined 
fluorometrically in a system containing 0.15 umole of the various pyri- 
dine derivatives. The nicotinamide concentration causing a 50 per cent 


TABLE I 
Summary of Steps in Purification of Erythrocyte Nicotinamide Riboside Phosphorylase 
Per cent 
Total units | Total protein — 
recovered 
Ammonium sulfate ppt.............. 13,300 2,430 5.50 81 
Calcium phosphate treatment....... 8,700 240 36.20 53 
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Fig. 1. Splitting rates of pyridine nucleotides and nucleoside by washed human 
erythrocytes. Hach reaction vessel contained 0.15 umole of pyridine compound, 0.1 
ml. of m phosphate buffer, pH 7.5, 1.0 ml. of washed cells which were brought to a 
50 per cent hematocrit with isotonic saline, and isotonic saline to 1.50 ml. The 
various pyridine compounds were assayed fluorometrically. 

Fig. 2. Inhibition of erythrocyte enzymes by nicotinamide. Hach reaction mix- 
ture contained 0.15 umole of substrate, 0.7 m phosphate buffer, pH 7.5, 1.0 ml. of 
erythrocytes (50 per cent hematocrit), and varying concentrations of nicotinamide. 
Total volume 1.50 ml.; 15 minute incubation at 38°; splitting assayed fluorometrically. 


inhibition of DPN splitting was found to be approximately 1 XK 107° M 
(Fig. 2) which is close to the reported values of 1.5 X 10-* m for spleen 
DPNase (9), 1.75 & 10-* om for pig brain (16), and 1 & 10-* m for guinea 
pig or sheep brain and ox spinal cord (8). The sensitivity of the enzymes 
splitting nicotinamide mononucleotide is much greater, being about 3 X 
10-4 m, whereas the sensitivity displayed by the nicotinamide riboside phos- 
phorylase is less distinct. Nicotinamide concentrations ranging from 3 X 
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10-4 to 1 X 107! M were required to produce an increase in inhibition from 
41 to 51 per cent. This phenomenon cannot be attributed to membrane 
effects, since nicotinamide inhibition of the same order of magnitude was 
exhibited by the enzyme from hemolysates (Fig. 3). 

Nature of Nicotinamide Inhibition of NRase—Concentrations of NR 
ranging from 0.36 to 2.5 & 10°* m did not result in any significant relief 
of the inhibition caused by 1 X 10-7? mM nicotinamide. This constancy in 
the effect of nicotinamide suggests a non-competitive type of inhibition. 
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Fic. 3. Inhibition of hemolysate NRase by nicotinamide. Each reaction mixture 
contained varying levels of substrate, 0.7 m phosphate buffer, pH 7.5, 1.0 ml. of 
erythrocytes (50 per cent hematocrit), and 10-! m nicotinamide. Total volume 1.50 
ml.; 15 minute incubation at 38°; splitting assayed fluorometrically. 

Kia. 4. pH-activity curve for purified NRase. Each sample contained 20 units 
of enzyme, and the experiments were carried out in phosphate buffer. 
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However, the Lineweaver and Burk (17) double reciprocal plot (Fig. 3) 
results in an increased intercept, whereas the slope remained essentially 
unchanged. This response, further classified as an ‘‘uncompetitive” in- 
hibition by Ebersole, Guttentag, and Wilson (18), has been attributed to 
a combination of inhibitor with an enzyme-substrate complex rather than 
with an enzyme independent of substrate. 

pH Optimum—aAs can be seen in Fig. 4 the purified NRase is most ac- 
tive at pH 7.5 with rapid loss of activity at 1 pH unit on the acid or the 
alkaline side of the pH optimum. 

Phosphate Requirement—The splitting of NR by the purified prepara- 
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tion, proceeding quite slowly in 0.01 M tris(hydroxymethyl)aminomethane 
buffer, was significantly accelerated by either 0.01 m phosphate (Tig. 5) 
or arsenate. That phosphate, or arsenate, is required for optimal split- 
ting of NR is indicative that the cleavage is phosphorolytic with the sub- 
sequent formation of ribose phosphate, presumably ribose 1-phosphate, 
as an end product of the reaction. If ribose is phosphorylated, it should 
be adsorbed to a barium-zine precipitate (19), thereby removing potential 


0.40 1 
- 
90- 4 
= x 80r 4 
= rob 
mM 
= 
us 40}- 
30 
us 
2 0.10 
4 
1234567 8 5.0 4.0 3.0 2.0 1.0 
TIME IN MINUTES PCMB (-LOG MOLES /L) 
Fia. 5 6 


Fic. 5. Phosphate requirement of NRase. [Each reaction vessel contained 1.5 
umoles of NR, 0.01 m tris(hydroxymethyl)aminomethane (Tris) buffer, pH 7.5, 20 
units of NRase, and either 0.01 m phosphate buffer, pH 7.5, or 0.01 M arsenate, pH 7.5, 
added to the reaction mixture at the end of 4 minutes. Total volume 0.7 ml.; incu- 
bation at 38°. NR was assayed by the cyanide addition reaction. 

Fic. 6. p-Chloromercuribenzoate inhibition of the purified NRase. Each reac- 
tion mixture contained 1.5 wmoles of NR, 0.01 m phosphate buffer, pH 7.5, 20 units 
of NRase, and varying concentrations of PCMB. Total volume 0.7 ml.; incubation 
at 38° for 9 minutes. NR was assayed by the cyanide addition reaction. 


reducing groups from the protein-free filtrate. This was determined by 


the modified Barfoed’s reagent as described previously (12). In Table II { 
a comparison is made of the reducing sugar adsorbed to a barium-zine | 
precipitate in the presence of phosphate and arsenate with the cyanide | 


addition reaction run in parallel. It is perhaps significant that the similar 
rates observed in these buffers are not obtained with the liver NRase (5) 
and nucleoside phosphorylase of erythrocytes (20). 

Effect of Inhibitors—The addition of fluoride, cyanide, ethylenedia- 
minetetraacetate (Versene), and BAL in concentrations 1 X 107% m had 
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no significant effect on the rate of splitting of NR by NRase. However, 
p-chloromercuribenzoate significantly altered this rate in concentrations 


ranging from 10~* to 10-? M (Fig. 6). This inhibition was relieved by m 


glutathione to the extent of 50 per cent of its original activity. The in- 
hibition caused by PCMB was not relieved by dialysis against water, 
0.005 Mm phosphate buffer, or 0.005 Mm pyrophosphate buffer. Restoration 
of activity following incubation with 10~? M glutathione was more complete, 
however, When the PCMB-treated enzyme was dialyzed against phosphate 
buffer rather than against water or pyrophosphate. It would appear, 
then, that there is no metal requirement for enzymatic activity, but, rather, 
a sulfhydryl grouping must remain unaltered for activity of the enzyme. 

Specificity of Enzyme—The human erythrocyte NRase exhibits a strict 
specificity for NR, being unable to split the nbosides of 5-acetylpyridine, 


TABLE IT 
Stoichiometric Phosphorolysis of Nicotinamide Riboside 
umole of reducing sugar umole of nicotinamide riboside 
adsorbed to Ba-Zn ppt. i 
Time Buffers Buffers 
Phosphate | Arsenate Phosphate | Arsenate 
min, | | 
10 0.375 0.000 0.351 | 0.360 
20 | 0.700 | 0.012 | 0.704 | 0.710 


isonicotinic acid hydrazide, and pyridine-3-aldehyde. NR splitting, how- 


| ever, is almost completely inhibited by 10-® m 3-acetylpyridine riboside. 


In addition, NRase cannot split DPN, TPN, or NMN, these activities 
being located exclusively in the stroma. In addition to the restricted 
pyridine ring specificity, it is mandatory that the carbohydrate moiety 


of the nucleoside be in the 8-furanosyl configuration for enzymatic split- 


ting. The 8-glucopyranoside, xylopyranoside, and ribopyranoside of nic- 


 otinamide are unaffected by the erythrocyte enzyme. 


The erythrocyte NRase is unable to act on uridine, cytidine, or adeno- 
sine, and these nucleosides will not inhibit the splitting of NR. Although 


the splitting of inosine was observed, spectrophotometrically when coupled 


with xanthine oxidase (21), this latter purine nucleoside will not inhibit 
the splitting of NR, nor will NR inhibit the splitting of inosine by the red 
blood cell preparation. The only nucleoside examined which will both 
inhibit the splitting of NR and be cleaved itself is guanosine; however, 
the enzyme will cleave the latter nucleoside at only one-half the rate of NR 
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splitting. 3-Acetylpyridine riboside, a potent inhibitor of NR splitting 
by the purified NRase, in concentrations as high as 1 X 10-* M, does not 
inhibit the splitting of inosine by this same preparation. It appears, 


rather, that these high concentrations of this NRase inhibitor will accel. | 
erate inosine splitting. These data suggest that there are at least two | 


distinct nucleoside phosphorylases in human erythrocytes. 


DISCUSSION 


In general, the properties of the human erythrocyte NRase resemble | 


more closely the animal DPNases whose splitting action at the nicotin- 
amide-ribose bond are non-competitively inhibited by free nicotinamide, 
Of the biologically known compounds containing nicotinamide as an agly- 
cone, specificity of the NRase is limited to only the riboside of nicotin- 


amide. The enzyme shows no activity on either DPN, TPN, or NMN. 


The nicotinamide-sensitive enzymes acting on the latter nicotinamide 
derivatives have been made soluble from stroma with deoxycholic acid 
and further purified (15). There is apparently a specific NM Nase which 
can be separated from the DPN- and TPN-degrading activities. These 
latter activities appear to be associated with the same protein. 

The absence of any NRase activity in the stroma is indicative of a direct 
cleavage of NMN by the stroma NMNase rather than necessitating a 
prior dephosphorylation. 

Although NRase phosphorolytically degrades NR, it does not resemble 
the nucleoside phosphorylases in certain respects. The arsenolytic splits 
of NR by the liver enzyme (5) and of inosine by the erythrocyte nucleo- 
side phosphorylase (21) proceed at a much slower rate than when in phos- 
phate, whereas the arsenolytic and phosphorolytic rates exhibited by the 
erythrocyte N Rase are almost indistinguishable. ‘The enzyme also appears 
to have a limited specificity capable of splitting the ribosides of only nico- 
tinamide and guanine. In addition, attempts to demonstrate the for- 
mation of NR from free nicotinamide and ribose 1-phosphate have proved 
negative. 

An enzyme resembling NRase has recently been isolated in human 


erythrocytes by Huennekens, Nurk, and Gabrio (20) and Tsuboi and — 


Hudson (22) which has a strict and limited affinity for inosine and gua- 
nosine. This latter enzyme has a specificity resembling more closely the 
purine nucleoside phosphorylases in liver (23) and brain (24) and can only 


be distinguished from the NRase by the activity of the phosphorylase | 


with inosine. 

The nicotinamide riboside phosphorylase isolated from beef liver by 
Rowen and Kornberg (5), in addition to its ability to split NR, also has 
inosine-splitting activity coincident with the preparation. That the two 
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activities of the liver preparation are associated with the same protein 
appears suggestive from the inhibition imposed upon the phosphorolysis 
of NR by inosine; this is in contrast with the human blood cell enzyme 
described in this work. 


SUMMARY 


1. The rates of cleavage of diphosphopyridine nucleotide, triphospho- 
pyridine nucleotide, nicotinamide mononucleotide, and nicotinamide ri- 
boside by intact human erythrocytes have been compared. Nicotinamide 
inhibition of the cleavage of the various pyridine derivatives has also 
been studied. 

2. The splitting of diphosphopyridine nucleotide, triphosphopyridine 
nucleotide, and nicotinamide mononucleotide is localized in the stroma. 
In contrast, nicotinamide riboside phosphorylase activity 1s confined to 
the cytoplasm of the red blood cell. 

3. The nicotinamide riboside phosphorylase has been purified some 80- 
fold. This enzyme cleaves nicotinamide riboside either phosphorolytically 
or arsenolytically. The enzyme appears not to have a metal requirement, 
but is inhibited by p-chloromercuribenzoate; this inhibition is reversed by 
glutathione. Nicotinamide inhibits the erythrocyte and hemolysate en- 
zyme non-competitively. The partially purified enzyme will attack no 
other pyridine derivatives. Guanosine is the only other riboside which 
will be split by the preparation and which also inhibits the splitting of 
nicotinamide riboside. 

4. Although inosine is cleaved by this enzyme preparation, 3-acetyl- 
pyridine riboside, a potent nicotinamide riboside phosphorylase inhibitor, 
will not inhibit the splitting of this purine nucleoside, suggesting that these 
are separate and distinct enzymes. 
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NICOTINAMIDE RIBOSIDE PHOSPHORYLASE FROM 
HUMAN ERYTHROCYTES 


Il. NICOTINAMIDE SENSITIVITY* 


By LAWRENCE GROSSMANT ann NATHAN O. KAPLAN$ 


(From the McCollum-Pratt Institute, The Johns Hopkins 
University, Baltimore, Maryland) 


(Received for publication, July 23, 1957) 


The inhibition of various animal DPNases' by nicotinamide, observed 
by Mann and Quastel (1), Handler and Klein (2), MecIlwain (3), and 
Mellwain and Rodnight (4), has been demonstrated to be accompanied 
by an exchange reaction involving free nicotinamide and the nicotinamide 
moiety glycosidically bound in DPN (5). It has been possible, as a result 
of such exchange reactions, to prepare numerous analogues of DPN, 
when such enzymes have been exposed to various free pyridine bases (6, 
7), and 4-amino-5-imidazolecarboxamide in the presence of DPN (8). 
The application of such techniques has resulted in the preparation of 
labeled DPN correspondingly derived from C-labeled nicotinamide (5). 

Although the exchange reactions mentioned above are associated with 
hydrolytic enzymes, exchange reactions have been demonstrated to occur 
phosphorolytically. There is the classical example of the sucrose phos- 
phorylase reaction (9), in which the glucopyranoside moiety of sucrose 
is transferred to a wide variety of monosaccharides related to fructose 
and also to inorganic phosphate. More recently, the deoxynucleoside 
transferase described by MacNutt (10) is capable of transferring the 
deoxyriboside group in nucleosides to purine and pyrimidine bases. Al- 
though no net synthesis is observed with any of these enzymes, isotopic 
and chromatographic data have provided evidence for exchange reactions 
between the glycoside and the aglycone (11, 12). 


* Contribution No. 219 of the MeCollum-Pratt Institute. Aided by grants from 
the National Cancer Institute (grant No. C-2374C), National Institutes of Health, 
the American Cancer Society, and the American Heart Association. 

t Postdoctoral Fellow of the National Cancer Institute, National Institutes of 
Health, United States Public Health Service, 1954-56. Present address, Graduate 
Department of Biochemistry, Brandeis University, Waltham, Massachusetts. 

{ Present address, Graduate Department of Biochemistry, Brandeis University, 
Waltham, Massachusetts. 

! The following abbreviations will be used: diphosphopyridine nucleotide, DPN; 
triphosphopyridine nucleotide, TPN; nicotinamide mononucleotide, NMN; nico- 
tinamide riboside, NR; diphosphopyridine nucleotidase, DPNase; nicotinamide 
mononucleotidase, NMNase; nicotinamide riboside phosphorylase, NRase; and 
trichloroacetic acid, TCA. 
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That free nicotinamide can exchange non-competitively with its counter- 
part at a “high energy” linkage in DPN leads to the conclusion that this 
exchange reaction must be associated with the conservation of the energy 
inherent in the nicotinamide-ribose link. In the present communication 
evidence will be forwarded to demonstrate the existence of a cofactor, 
the role of which appears to impart nicotinamide sensitivity to enzymes 
acting at the nicotinamide-ribose linkage. 


Materials 


The details of the assay and the preparation of DPN, NMN, NR and 
the corresponding analogues are described elsewhere (13). 

C'4-Carboxyl-labeled nicotinamide was purchased from the Oak Ridge 
National Laboratory. The labeled nicotinamide was diluted with normal 
nicotinamide and recrystallized twice from benzene to a constant specific 
activity of 10,000 c.p.m. per mg. 

The radioactive nicotinamide or DPN was plated on small aluminum 
planchets and counted by a thin walled mica window counter. The 
observed counts were corrrected, by means of a self-absorption curve, toa 
standard thickness of 2 mg. per sq. em. 

Ergothioneine and 2-thiohistidine were obtained from the Mann Re- 
search Laboratories, Inc., New York. 2-Thiouraconic acid was generously 
provided by Dr. O. Touster, and 2-mercapto-4(5)-aminomethylimidazole, 
2-mercapto-4 ,5-imidazoledicarboxylic acid, 1-phenyl-2-mercapto-4 , 5-imi- 
dazoledicarboxylic acid, 1-isopropyl-2-mercapto-4 , 5-imidazoledicarboxylic 
acid, 2-mercapto-4(5)-imidazolecarboxylic acid, and 1-methyl-2-mercapto- 
5-imidazolecarboxylic acid were provided by Dr. Otto Behrens of the Lilly 
Research Laboratories. N'-Methylnicotinamide iodide was _ prepared 
from nicotinamide as described by Holman and Wiegand (14). 

The Neurospora DPNase was purified from zinc-deficient mats, as 
described previously (15, 16), and had an activity of 22,000 units per mg. 
of protein. 

The preparation of NRase from human erythrocytes was as described 
in Paper I (17). 


Methods 


Determination of Enzymatic Activity—The activity of the Neurospora 
DPNase and the splitting of NR by the erythrocyte NRase were followed 
by means of the cyanide addition reaction (18). The reaction mixture 
consisted of 1.5 wmoles of substrate, 0.01 mM phosphate buffer, pH 7.5, 
25 units of enzyme, and water to a final volume of 0.7 ml. At appro- 
priate time intervals 0.1 ml. aliquots were removed from the reaction 
mixture; 3.0 ml. of 1.0 m KCN were then added, and the optical density 
was determined at 325 mu. 
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Preparation of “Factor” Fraction—An equal volume of 10 per cent 
trichloroacetic acid was added to 200 ml. of washed erythrocytes which 
had been made up to 50 per cent hematocrit with isotonic saline. The 
mixture was homogenized in an all-glass TenBroek homogenizer for 2 
minutes and centrifuged for 20 minutes. The supernatant fraction was 
extracted with ether until the aqueous layer reached pH 3.0. The tem- 
perature of the aqueous extract was lowered to 5°, and 10 volumes of cold 
ethanol were added. The mixture was centrifuged, and the precipitate 
was discarded. The supernatant fraction was concentrated in vacuo, 
and the solid residue taken up in a minimal volume of hot water and brought 
to pH 6.5 with 0.01 m NaOH. Samples of this material were diluted 10- 
fold, and 0.07 ml. was employed for enzymatic assay. 


Results 


Cofactor Requirement-—After the ammonium sulfate fractionation of 
the NRase from human erythrocyte hemolysates (17), inhibition of the 
phosphorolysis of the NR by free nicotinamide could not be demonstrated 
(Fig. 1). Inhibition was obtained only when the nicotinamide concentra- 
tion was quite high (0.1 m). These results suggest that a dissociable 
grouping, concerned with nicotinamide sensitivity, was either removed 
from the enzyme or destroyed during purification. 

Nicotinamide sensitivity could be restored to the apoenzyme or “de- 
pleted” enzyme by the addition of either the supernatant fraction resulting 
from the ammonium sulfate precipitation or a 5 per cent trichloroacetic 
acid extract of the intact erythrocytes (Fig. 2). Reconstitution of the 
depleted enzyme with dialyzed extract of the supernatant fraction was 
ineffective in imparting nicotinamide sensitivity. Thus it appeared likely 
that some low molecular weight, stable compound was responsible for 
providing NRase with nicotinamide sensitivity. 

Kinetics of Induced Sensitivity—The nature of the nicotinamide in- 
hibition of the erythrocyte and hemolysate NRase, evaluated from the 
Lineweaver and Burk double reciprocal plots (19), is essentially identical 
with that of the reconstituted enzyme system (17). It is also noteworthy 
that these trichloroacetic acid extracts do not of themselves significantly 
alter the splitting rates of nicotinamide riboside unless free nicotinamide 
in included during the enzymatic reaction. 

Evidence for Induced Exchange Reaction—Yree 3-acetylpyridine, when 
substituted for nicotinamide at comparable concentrations, is 1.5 times 
more effective an inhibitor of the splitting of NR by this enzyme, provided 
the “factor” preparation is present (Table I). If it is assumed that 
o-acety pyridine is exerting its effect as the result of an exchange reaction, 
then subsequent formation of the analogue 3-acetylpyridine riboside should 
be manifested spectrophotometrically. The cyanide addition product 
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of 3-acetylpyridine riboside absorbs maximally at 340 my, whereas NR 
has as its absorption maximum 325 my in 1.00M KCN. The ratio of optical 
density at 325 my to 340 muy for nicotinamide riboside is 1.3, and that for 
the acetylpyridine riboside is 0.8; hence, a decrease in optical density 
ratio as the reaction proceeds would be an indicator of formation of the 
acetylpyridine riboside and thereby an exchange. Although a decrease 
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Fic. 1. Inhibition of hemolysate and purified nicotinamide ribosidase by nico- 
tinamide. Each reaction mixture contained 1.5 wmoles of nicotinamide riboside, 
0.01 m phosphate buffer, pH 7.5, 25 units of enzyme (17), and varying concentrations 
of nicotinamide. Total volume 0.7 ml.; 9 minute incubation at 37°; 0.1 ml. of reac- 
tion mixture assayed by the cyanide reaction for nicotinamide riboside. 

Fic. 2. Restoration of nicotinamide sensitivity to the nicotinamide ribosidase 
by a 5 per cent TCA extract of intact erythrocytes. Each reaction mixture con- 
sisted of 1.5 wmoles of nicotinamide riboside, 0.01 mM phosphate buffer, pH 7.5, 25 
units of purified enzyme, 0.07 ml. of TCA extract when indicated, and varying con- 
centrations of nicotinamide. Total volume 0.7 ml.; 9 minute incubation at 37°; 
0.1 ml. of reaction mixture assayed by the cyanide reaction for the nicotinamide 
riboside remaining. 


to 1.10 is observed during the initial rates of reaction, no further drop 
is demonstrable. This decrease, which accounts for a 20 per cent conver- 
sion to the 3-acetylpyridine riboside, is not observed unless the factor 
preparation is provided. 

Were the 3-acetylpyridine riboside, formed during the exchange, split 
at a more rapid rate than NR, and not inhibited by free 3-acetylpyridine, 
then one would not be able to observe complete exchange by spectral 
alterations. It was found however, that 3-acetylpyridine riboside was 
unaffected by the NRase. At time periods and enzyme concentrations 
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sufficient to cleave NR quantitatively there is no apparent loss of 3-acetyl- 
pyridine riboside. A possible explanation for the limited exchange is 
that the 3-acetylpyridine riboside formed during exchange inhibits the 
splitting of NR and would, therefore, prevent further analogue formation. 
This appeared to be the more tenable explanation, for concentrations of 
3-acetylpyridine riboside as low as 10~7 M are sufficient to inhibit completely 
the splitting of NR (Table I). This inhibition by the riboside of 3-acetyl- 
pyridine is not dependent on the factor preparation. 

Thus, it would appear that 3-acetylpyridine, in the presence of the factor, 
exerts its inhibitory effect on NR splitting as the riboside, a riboside which 


TABLE I 
Factor-Induced Inhibition of NRase by 3-Acetylpyridine and Its Riboside 


Each reaction mixture consisted of 1.5 umoles of NR, 0.01 M phosphate buffer, pH 
7.5, the pyridine derivatives when indicated, and 25 units of the purified enzyme in a 
final volume of 0.7 ml. The reaction mixtures were incubated for a total of 9 min- 
utes at 37°; 0.1 ml. aliquots were removed at various time intervals and assayed by 
the cyanide addition reaction (18) at 325 mu. The control reactions in each case 
were conducted in the absence of 0.07 ml. of the trichloroacetic acid extract. 


| Per cent inhibition 


Experimental conditions 


+ Factor | — Factor 
(2) “ + 10°* wm nicotinamide................ 50 0 
(3) + 10°? 3-acetylpyridine............. 77 0 
(4) + 1073 riboside. .... 100 100 
(5) (2) in arsenate buffer...................... 0 | 0 


could only have been formed during an exchange reaction mediated by 
the factor preparation. 

Effect of Arsenate and Phosphate—Although the splitting of NR has 
an obligatory phosphate requirement, it was not clear whether nicotin- 
amide sensitivity shares this same need. The nicotinamide sensitivity 
associated with animal DPNases (5, 16) is equally effective in a phosphate 
or non-phosphate environment. 

The cleavage of NR by NRase can occur either phosphorolytically or 
arsenolytically (17); however, the induced sensitivity associated with the 
purified NRase can be only demonstrated with phosphate; arsenate is 
not able to replace phosphate in promoting nicotinamide inhibition (Table 
I). 

Neurospora DPNase Sensitivity—Of the DPNases examined to date, 
only those derived from animal sources appear to exhibit any sensitivity 
towards nicotinamide. The DPNase isolated from zinc-deficient mats of 
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Neurospora crassa, although an exceedingly active enzyme, displays rel- 
atively little sensitivity to nicotinamide (16), and the slight effectiveness 
of nicotinamide is not associated with an exchange reaction (5). The 
nature of this slight nicotinamide inhibition seems to be exerted by a mech- 
anism differing from that observed with the animal DPNases (5). 

It was of interest, therefore, to examine the influence of the factor prep- 
aration on the nicotinamide sensitivity of the Neurospora DPNase sas a 
means of attesting to its substrate and enzyme specificity. 
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Fic. 3. Induced nicotinamide sensitivity of Neurospora DPNase. Each reaction 
mixture consisted of 1.5 wumoles of DPN, 0.01 m phosphate buffer, pH 7.5, 25 units of 
Neurospora DPNase (the unit assignment of this enzyme is identical with that chosen 
for the nicotinamide ribosidase (17)), 0.07 ml. of the TCA extract when indicated, 
and varying nicotinamide concentrations. Total volume 0.7 ml.; 9 minute incuba- 
tion at 37°; 0.1 ml. aliquot of the reaction mixture assaved by the cyanide reaction 
for DPN. 


When an equivalent number of units of Neurospora DPNase are in- 
cubated with DPN and nicotinamide, the factor preparation can impart 
nicotinamide sensitivity to this relatively insensitive enzyme (lig. 3). 
These results would imply that the functioning of this cofactor has a 
general applicability with the nicotinamide-ribose-cleaving enzyme. 
It is also rather interesting to note that the level of inhibition induced by 
the factor is greater than that observed with the NRase. However, the 
induced sensitivity associated with the NRase never exceeds the inhibition 
demonstrated by the unfractionated enzyme from hemolysates or erythro- 
cytes. 

The nicotinamide sensitivity induced with the Neurospora enzyme is 
more comparable to the levels of inhibition observed in the beef spleen 
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and pig brain DPNases. The destruction of DPN by the beef spleen 
and pig brain DPNases is inhibited to the extent of 50 and 57 per cent, 
respectively, by 10-* M nicotinamide and 92 and 84 per cent when exposed 
to 10-? M nicotinamide. These levels of inhibition by the same concentra- 
tions of nicotinamide are not achieved by the enzyme from Neurospora 
unless the factor is present. 

Incorporation of C"4-Labeled Nicotinamide into DPN—TIn order to as- 
certain whether induced nicotinamide sensitivity was associated with 
exchange properties, the reaction was carried out in the presence of C'4- 
labeled nictotinamide having a specific activity of 10,000 c.p.m. per mg. 
of nicotinamide. The incubation mixture contained 1.3 X 10-? m neu- 
tralized DPN, 1 X 10>? M labeled nicotinamide, 1.0 ml. of undiluted factor, 
1100 units of Newrospora DPNase, and water to 10 ml. 

At varying time intervals aliquots were removed from the reaction 
mixture and assayed by the cyanide addition reaction and by the use of 


TaBLeE II 
C'4-Nicotinamide Exchange Reaction by Neurospora DP Nase 
See the text for the experimental details. 


Experimental conditions Cp pee Per cent exchange 
C**-nieotinamide. .. . . 276 19.9 


alcohol dehydrogenase. At the end of 120 minutes the reaction was heated 
to 70° for 10 minutes, at which time 30 per cent of the coenzyme was 
destroyed. A similar experiment was performed in which the enzyme 
was incubated in the absence of the factor, and at the end of 120 minutes 
87 per cent of the added DPN was destroyed. 

Samples of the DPN, isolated and purified by methods previously 
established (5), were transferred to aluminum planchets and dried under 
the infrared lamp, and the counts were determined with a Geiger counter. 
The results of the DPN analysis, together with the isotopic data given in 
Table II, offer evidence that significant exchange was achieved in the 
presence of the factor. It should be pointed out that the extent of in- 
corporation of the labeled nicotinamide into the DPN induced by the 
factor approaches, in magnitude, the extent of inhibition by nicotinamide, 
whereas the DPN isolated from the reaction mixture lacking the factor 
has considerably less radioactivity than might be anticipated from such 
inhibition data. These results tend to imply that the nature of nicotina- 
mide inhibition induced by the factor, accompanied by an exchange reac- 
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tion, is of a different mechanism than that observed in the absence of the 
factor. 

Physical Properties of Factor Preparatton—As mentioned earlier in this 
communication, the factor is dialyzable, and the factor preparations remain 
active, with the NRase, on boiling in a neutral or acid environment. 
However, all activity is destroyed on ashing or boiling under alkaline 
conditions. 

Behavior of Factor on Ion Exchange Resins—Samples of the trichloro- 
acetic acid extracts of erythrocytes exposed to either Dowex 50 (hydrogen 
form) or Dowex 2 (formate form) were ineffective in restoring nicotinamide 
sensitivity to the purified NRase. All attempts to elute such activity 
from these resin particles were without success. 


TaBLeE III 
Chemical Alterations of Factor Activity 
See the text for the experimental details. 


Per cent inhibition 
Experimental conditions 
Control + m glutathione 
(2) ‘** + 10°? mM nicotinamide.......... 0 0 
(4) (3) + 10°* 2 50 
(5) (3) + bromine oxidation. . 8 16 


The same trichloroacetic acid extracts when exposed to weaker resins 
such as Amberlite IRC-50 (hydrogen form) or IRA-40 (acetate form) 
retained their full activity with the N Rase with little or no loss to the resin. 

The data with ion exchange resins suggested that the material responsible 
for imparting nicotinamide sensitivity to the erythrocyte NRase was 
poorly ionized at neutral pH and was modified on resin adsorption so as 
to render it completely ineffective in the enzyme systems (see below). 

Inactivation of Factor Activity by Metals—Preincubation of the NRase 
and the factor preparation in the presence of 10-4 M manganese chloride 
almost completely negated the inducing properties of the extract. Nico- 
tinamide sensitivity is almost completely restored, however, when com- 
parable concentrations of reducing agents such as glutathione, cysteine, 
or ascorbic acid are included in such a reaction mixture (Table IIT). 

Similar concentrations of magnesium, aluminum, zinc, calcium, iron, 
and molybdate ion were unable to duplicate the influence of manganese 
ions. Copper was not examined, for it caused a marked inhibition of 
nicotinamide riboside phosphorylase in the absence of either nicotinamide 
or the factor preparation. 
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Oxidation of Factor by Bromine—A small sample of the trichloroacetic 
acid extract (0.3 ml. plus an equal volume of water), treated with 2 to 3 
drops of liquid bromine at 3°, was shaken occasionally for 30 minutes. 
The supernatant solution resulting from centrifugation of the oxidation 
mixture was flushed with air to remove excess bromine. 

The product of bromine oxidation, like the metal-inactivated factor, 
was ineffective in imparting nicotinamide sensitivity to the NRase How- 
ever, unlike the factor treated with metal, reducing agents such as gluta- 
thione, cysteine, or ascorbic acid could not reverse the inactivation by 
bromine (Table ITT). 


040 


CONTROL 
0.30} 
Qa 
op) 
ERGOTHIONEINE 
WW + NICOTINAMIDE 
= 


Oo 

Oo 


2 


TIME (MINUTES) 

Kia. 4. Ergothioneine-induced nicotinamide sensitivity. Each reaction mixture 
consisted of 1.5 wymoles of NR, 10-5 m ergothioneine, 0.01 mM phosphate buffer, pH 7.5, 
102 mM nicotinamide, and 25 units of purified NRase. Each reaction mixture was 
preincubated for 5 minutes at 37° prior to the addition of NR. 


Sulfhydryl groups, easily labilized by such mild oxidation procedures, 
are restricted to those attached to a carbon atom adjacent to either an 
oxygen or nitrogen atom (20). The existence of this type of free sulfur 
grouping in natural products is limited to thiamine, ergothioneine, and 
any other 2-thioimidazole derivative. Thiamine, lacking a_ primary 
sulfur atom, would not be expected to participate in such reactions, limit- 
ing the identification to ergothioneine and thioimidazole derivatives. 
It is perhaps more than coincidental that ergothioneine, in the human, 
is found in greatest concentration in blood and located exclusively in 
the erythrocyte (21). 

Replacement of Factor by Ergothioneine—In the presence of 107-5 m 
authentic ergothioneine (lig. 4) and 10-? mM nicotinamide, levels of in- 
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hibition observed with the factor preparation were duplicated. These 
inhibited rates are more reproducible on preincubation for 5 minutes with 
10-4 m glutathione (reduced), cysteine or ascorbic acid, the enzyme, and 
ergothioneine. Reduced glutathione or the other reducing agents are 
without effect in the presence of nicotinamide unless ergothioneine is 
included. Replacement of the factor is also observable with the Neurospora 
DPNase under these same conditions. 

The following agents are not capable of replacing the factor prepara- 
tion: 2-thiohistidine, histidine betaine, 2-thiouraconic acid, histidine, 
choline, betaine, 2-mercapto-4(5)-aminomethylimidazole, 2-mereapto- 
4 ,5-imidazoledicarboxylic acid, 1-phenyl-2-mercapto-4 , 5-imidazoledicar- 
boxylic acid, 1-isopropyl-2-mercapto-5-imidazolecarboxylic acid, 2-mer- 
capto-4(5) -imidazolecarboxylic acid, 1-methyl-2-mercapto-5 -imidazole- 
carboxylic acid, coenzyme A, thiamine, reduced glutathione, or cysteine? 

Chromatographic Separation of Factor—Although ergothioneine is capable 
of replacing the factor preparation in imparting nicotinamide sensitivity 
to the NRase and Neurospora DPNase, this in no way represents certain 
proof that the biologically active material and ergothioneine are identical. 
It was necessary, therefore, to isolate and purify the active component 
from tissues and compare its properties with those of authentic samples of 
ergothioneine. 

Earlier attempts to remove the biologically active component. in the 
extracts from Dowex 2 or 50 resins were unsuccessful. Authentic ergo- 
thioneine samples, which were placed on columns containing these resins 
when eluted with 1 Nn HCl, were altered sufficiently to produce spectral 
shifts in the eluted material from a maximum at 258 my for ergothioneine 
to 220 muy, associated with the eluted material. Ergothioneine modified 
by such methods no longer participates in the nicotinamide sensitivity 
reaction with the NRase. Apparently the labile sulfhydryl group is al- 
tered in some manner in the presence of these resins leading to the forma- 
tion of an ergothioneine derivative having spectral properties similar to 
those of free histidine. 

Successful separation of the enzymatically active material was accom- 
plished on an alumina column, the conditions for which were essentially 
those of Melville et al. (22). The trichloroacetic acid extract, after alcohol 
extraction, concentration in vacuo, and neutralization, was passed through 
a column containing 20 gm. of IRA-410 (acetate form) and 20 gm. of 
IRC-50 (hydrogen form). The ultraviolet-absorbing material not re- 
tained by the resin column was concentrated in vacuo and taken up in a 
small volume of ethanol-formie acid. Authentic ergothioneine subjected 
to parallel procedures and the material derived from the trichloroacetic 


2 Oxidized glutathione inhibits NRase in the absence of nicotinamide. 
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acid extract were chromatographed on separate columns containing 20 
gm. of anionotropic aluminum oxide (M. Woelm Eschwege, Alupharm 
Chemicals) which were eluted with an ethanol-formic acid mixture ac- 
cording to the directions of Melville e¢ al. (22). The resolution of the 
biologically active material from the trichloroacetic acid extract seen in 
Fig. 5 was coincident with ergothioneine and reacted positively to the 
Hunter test (21) for ergothioneine and 2-thiohistidine. 
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Fic. 5. The identification of the factor and its activity by passage through ani- 
onotropic alumina. See the text for the details. The solid line represents the 
results of the colorimetric assay, whereas the broken line depicts the inducement of 
nicotinamide sensitivity. The inhibition units represent the percentage inhibition 
by 0.1 ml. of the sample in the reaction mixture. 

Fic. 6. Paper chromatographic location of material responsible for nicotinamide 
sensitivity. See the text for an explanation. 


Samples of the trichloroacetic acid extract which had been carried 
through procedures up to the point of alumina chromatography were 


- subjected to paper chromatographic methods fashioned after those of 


Ames and Mitchell (23) for histidine derivatives. Parallel samples of 
ergothioneine were also chromatographed, and the resolution of materials 
on the paper strips was determined by ultraviolet absorption with the 
Mineralight lamp and colorimetrically with diazotized sulfanilic acid. 
The paper chromatograms were then cut into 0.5 cm. wide strips and eluted 
with 3.0 ml. of 0.01 x HCl for 12 hours at 5°. These samples, concentrated 
in vacuo and taken up in 0.5 ml. of 0.01 m phosphate buffer, pH 7.0, were 
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assayed for nicotinamide inhibition with the nicotinamide riboside phos- 
phorylase. The inhibition units were described in terms of the per cent 
inhibition imparted by a 0.1 ml. sample in the presence of 10-2 M nicotin- 
amide. The results of such an experiment are seen in Fig. 6. The nature 
of the more mobile component is still unknown, though it must be fairly 
similar to ergothioneine since it reacts with diazotized sulfanilic acid. 


DISCUSSION 


The observation that a cofactor is required, by either the NRase of 
human erythrocytes or Neurospora DP Nase, to initiate an exchange reac- 
tion facilitates further examination of the intimate mechanisms involved 
in the conservation of the “energy-rich” nicotinamide-ribose linkage. A 
cofactor involved in such an exchange reaction and responsible for con- 
serving this type of linkage must have inherent in its structure sites which 
are energetically, at least, at a level of the parent compound. 

It must be assumed by the very nature of the exchange reaction that 
intermediates in the reaction involve the glycoside moiety, when bound 
to protein or ergothioneine. If ergothioneine is to assume such an inter- 
mediate role, there must be sites on the molecule receptive to glycosidic 
linkage and qualifying ergothioneine as a ribosyl acceptor. One such 
site is at the imidazole nitrogen and, if based on information relevant to 
the purine nucleosides, would be energetically deficient to maintain the 
level of the nicotinamide-ribose linkage. However, the influence of the 
sulfhydryl grouping on the stability of such a linkage is unknown, leaving 
this possibility still to be considered. 

A second site on the ergothioneine molecule available to glycosidic 
linkage is located at the quaternary nitrogen. Such a linkage is in this 
case analogous to that of the parent pyridinium nitrogen-ribose attach- 
ment and represents a fairly tenable but hypothetical site for ribose at- 
tachment. There is credence in such a hypothesis, for some preliminary 
experiments reveal that, during cleavage of the nicotinamide _riboside 
in the presence of ergothioneine and nicotinamide, NV'-methylnicotinamide 
is formed simultaneously to inhibition. The latter is an end result of 
the reaction, for it is not cleaved by the NRase. It is possible, there- 
fore, that the intermediate in the exchange is the riboside of ergothioneine, 
free nicotinamide assuming the role as the potential aglycone and reliev- 
ing ergothioneine of its carbohydrate substituent. A hypothetical product 
of such a reaction would then be N'-dimethyl-2-thiohistidine plus NR in 
the presence of nicotinamide or ribose 1-phosphate in the presence of 
phosphate. Inorganic phosphate, however, is essential for the nico- 
tinamide inhibition of the NRase activity, and this scheme cannot. explain 
this requirement. 
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The participation of ergothioneine in an exchange reaction with the 
relatively insensitive Neurospora DPNase seems difficult to reconcile 
with some recent data of Melville et al. (24). These investigators revealed 
that the mycelia of Neurospora contain high concentrations of ergothio- 
neine, sufficiently high in this case certainly to account for a nicotinamide- 
sensitive DPNase. However, it has recently been demonstrated that 
this enzyme is found primarily in the conidia (25), and, as mycelial growth 
develops, there is a concomitant loss of DPNase to the media. 

Although ergothioneine has been shown to be a coenzyme with the 
erythrocyte NRase and is capable of assuming such a role with the Neuro- 
spora DPNase, it cannot be stated categorically at this time that ergo- 
thioneine has a generalized function with the animal DPNases, since no 
information Is available as yet for the involvement of a cofactor with this 
latter group of enzymes. We hope that further purification of the animal 
DPNases may be of value in resolving this problem. Studies are also now 
underway to investigate the precise mechanism by which ergothioneine 
acts in the NRase exchange reaction. 


SUMMARY 


1. It has been shown that a cofactor is associated with a nicotinamide- 
sensitive nicotinamide riboside phosphorylase purified from human eryth- 
rocytes. This cofactor has been demonstrated to participate and be 
responsible for an exchange reaction catalyzed by this enzyme. 

2. The same cofactor is capable of inducing nicotinamide sensitivity 
with the Neurospora diphosphopyridine nucleotidase, which is inherently 
unaffected by free nicotinamide. The induced sensitivity is associated 
with an exchange reaction and has resulted in the formation of labeled 
diphosphopyridine nucleotide from C'-nicotinamide. 

3. Isolation and purification of this cofactor have revealed that it is 
either ergothioneine or some closely related compound. The mechanism 
by which ergothioneine may exert its influence on exchange reactions is 
discussed. 
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EFFECTS OF IONIC STRENGTH ON RIBONUCLEIC ACID 
STRUCTURE AND RIBONUCLEASE ACTIVITY * 


By SHERMAN R. DICKMAN anp BARBARA RING 


(From the Department of Biological Chemistry, University of Utah College of Medicine, 
Salt Lake City, Utah) 


(Received for publication, July 8, 1957) 


Beef pancreas ribonuclease activity is markedly accelerated by increased 
ionic strength (1-4). Since certain physical properties of nucleic acids are 
known to be altered by this factor, it becomes of interest to determine 
whether salt concentration affects primarily the enzyme, the substrate, or 
both. A second factor of importance in ribonuclease (RNase) assays is 
that of substrate concentration. A suggestion of the influence that sub- 
strate concentration may exert on the phosphodiesterase activity of RNase 
ean be gained from a consideration of the sensitivities of three published 
assays (4-6). As the data of Table I demonstrate, there is an inverse 
relationship between ribonucleic acid concentration and sensitivity when 
beef pancreas ribonuclease is assayed at pH 5.0. A quantitative inves- 
tigation of the effects of ionic strength and ribonucleic acid (RNA) con- 
centration on RNase activity, as determined by two different types of pro- 
cedure, has been carried out. One assay is based on the determination of 
the hydrolytic products of the reaction (phosphodiesterase activity) (4) 
and the other on the decrease in absorbance at 300 my (A300) of an RNA 
solution as a function of time (speetrophotometric procedure) (7). The 
results indicate that both factors are capable of exerting profound effects 
on ribonuclease measurements with either type of assay. 

Differences in the effects of ionic strength and substrate concentration 
on the spectrophotometric and the phosphodiesterase assays suggested 
that the reaction being measured was different in the two assays. This 
hypothesis was strengthened by the observation that even in the absence 
of RNase the Azoo of ribonucleic acid solutions was immediately decreased 
when the ionic strength of the solution was increased. This effect suggests 
that some type of non-hydrolytic alteration has occurred. Further work 
will be necessary to determine whether the decrease in absorbance at 300 
mu caused by ribonuclease or by increased ionic strength is due to the same 
structural change. Vandendriessche (8) observed that the addition of 
RNase to a solution of RNA caused a temporary increase in the volume 

* This investigation was supported in part by research grants from the National 


Institutes of Health, United States Public Health Service, No. A803, and the United 
States Atomic Energy Commission, contract No. AT(11-1)-305. 
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of the solution. Since a hydrolytic reaction would be expected to decrease 
the volume, he interpreted this effect as an alteration in the superstruc- 
ture of RNA. Ribonuclease is thus similar to trypsin (9) in that it alters 
its substrate as a preliminary to the hydrolytic reactions. 


Materials and Methods 


Crystalline ribonuclease was obtained from Armour and Company. It 
was dissolved and diluted in appropriate solutions, all of which contained 
0.001 per cent gelatin.‘ Ribonucleic acid was purchased from the Schwarz 
Laboratories, Inc., and purified by the procedure of Vischer and Chargaff 
(10). The pH of all solutions was determined by means of a glass elec- 
trode pH meter, and absorbancies were determined with a Beckman DU 
spectrophotometer. 


TABLE I 
Sensitivities of Three Ribonuclease Assays at pH 5.0 


Each procedure was followed exactly, except that incubations were carried out 
for 10 minutes at 37°. Purified yeast RNA was used as substrate. 


Procedure RNA BoM Sensitivity 
mg. per ml. Asbo per y RNase per ml. 
3.2 0.06 0.18 
Dickman ef al. (4)................| 1.5 0.1 0.91 
Schneider and Hogeboom (6)..... | 0.2 0.06 3.3 


Ribonuclease activity was measured by the procedure of Dickman et al. 
(4) at pH 5.0 or by a modification which involved the measurement of ab- 
sorbance at 290 my directly on the supernatant solution.!. The absorbance 
values listed are all corrected for the absorbance of the corresponding con- 
trol solution. The spectrophotometric assay of Kunitz (7) was also em- 
ployed and was followed without modification. For the comparison of 
phosphodiesterase assay methods (Table I), the procedures of Dickman 
et al. (4), Anfinsen et al. (5), and Schneider and Hogeboom (6) were fol- 
lowed exactly, except that the incubations were all carried out for 10 min- 
utes at 37°. The rate study (I*ig. 4) was conducted at pH 5.0 at 20° at 
an ionic strength of 0.05. The total volume was 4.0 ml. for the spectro- 
photometric procedure and 1.0 ml. for the phosphodiesterase. The final 
concentration of both RNA and RNase was the same in both procedures. 

Ionic strength was varied by use of acetate buffer, pH 5.0. 


! We wish to thank Dr. Alan Mehler for this suggestion. 
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Results 


Factors Affecting Phosphodiesterase Activity of Ribonuclease 


Effect of Ionic Strength on Substrate Inhibition—When ribonucleic acid 
concentration was varied from 0.05 to 1.8 mg. per ml. in the assay tube, 
and ionie strength was varied from 0.1 to 0.6, the family of curves shown 
in Fig. 1 was obtained. At ionic strengths below 0.6, substrate inhibition 


T T T T 
25+ 
WWJ 
> 
a 
Il 
I 


02 04 O06 1.0 l2 14 1.6 1.8 
SUBSTRATE CONCENTRATION, mg./ml. 


Fic. 1. Effect of ribonucleic acid concentration and ionic strength on ribonuclease 
activity at pH 5.0. Curve I, w = 0.1; Curve II, » = 0.19; Curve III, « = 0.3; Curve 
IV, » = 0.6. Absorbance at 290 my plotted versus RNA concentration. RNase 
(0.1 y) was incubated with RNA in a total volume of 1.0 ml. for 10 minutes at 37°. 
The reaction was stopped by the addition of 3 ml. of tert-butanol-acetic acid - 1). 
lonic strength was varied by the addition of 2.0 M acetate, pH 5.0. 


became evident at ribonucleic acid concentrations greater than 0.4 mg. per 
ml. This inhibition was most marked at 0.1 and decreased gradually as 
ionic strength was increased. At 0.6 ionic strength no substrate inhibi- 
tion was detected up to an RNA concentration of 1.8 mg. per ml. 

Effect of Ionic Strength on Ribonuclease Activity—-When ionic strength 
was varied at three different RNA concentrations, the curves of Fig. 2 were 
obtained. In all instances a marked accelerating effect of ionic strength 
was noted. This effect increased as substrate concentration was increased 
up to the range where other factors became limiting. 

The data presented thus far indicate that the ribonuclease assay of 
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Dickman et al. is carried out under conditions of substrate inhibition. Ac- 
cordingly, assays were made at 0.5 mg. per ml. of RNA concentrations at 
ionic strengths of 0.3 and 0.6. As shown in Fig. 3, both curves possess 
steeper slopes than the curve run under the usual assay conditions but the 
range of ribonuclease concentrations in the straight line portion of the 
curves is considerably reduced. Increase in ionic strength increases the 
sensitivity of the assay but reduces its range. 

The original assay of Dickman e¢ al. involves dilution of an aliquot of 
the supernatant solution with H.O and determination of the absorbance 


ABSORBANCE AT 2901 


0 02 04 06 08 10 12 
IONIC STRENGTH 


Fic. 2. Effect of ionic strength on ribonuclease activity at pH 5.0. Curve I, 
0.3 mg. of RNA; Curve II, 0.5 mg. of RNA; Curve III, 0.9 mg. of RNA, per tube, 
respectively. Assay conditions, the same as those listed in Fig. 1. 


at 260 my (Aco). The absorbance of the supernatant solution can be de- 
termined at 290 my directly, thus avoiding the dilution step. As shown 
in Fig. 3, a quantitative correlation exists between the absorbance readings 
at the two wave lengths. Consequently, determinations were routinely 
carried out at 290 my for many of the studies here reported. 


Factors Affecting Spectrophotometric Assay of Ribonuclease 


Tonic Strength—When ionic strength was varied in the spectrophoto- 
metric assay, the results listed in Table II were obtained. While there 
was an appreciable acceleration between 0 and 0.05, at ionic strengths 
above 0.1 an inhibition was observed. This profound difference in the 
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c- | effect of ionic strength on the phosphodiesterase and spectrophotometric 
it | assays clearly indicates that the reactions being measured in the two assays 
8 | are quite different. 


0.7 T T T T T 


ABSORBANCE 


0.2 


1 L iL i 


0.4 05 
RIBONUCLEASE, PER TUBE 


Fig. 3. Ribonuclease assays at pH 5.0. Curve I, assay of Dickman et al.; Curve 
II, the same as in Curve I, but with absorbance determined at 290 my on the undiluted 
supernatant solution; Curve III, the same as in Curve II, except that u = 0.3 in ace- 
tate and RNA = 0.5 mg. per tube; Curve IV, the same as in Curve III, except that 
u = 0.51n acetate. 


TaBLeE II 
Effect of Ionic Strength on Spectrophotometric Assay of Ribonuclease 
» | Ionic strength was varied by the addition of 2.0 M acetate, pH 5.0. 


Ionic strength Decrease in Asoo between 1 and 5 min. after mixing 


0.01 
05 0.070 
10 0.070 
20 0.062 
30 0.054 
55 0.037 


To determine whether the salt concentration affects primarily the en- 
, zyme or the substrate, the influence of ionic strength on the absorptivity 
of RNA at 300 my (A300) was studied. The data of Table III demonstrate 
that increased ionic strength depresses Azoo of RNA at pH 5.0. These 


e | 
1e 
ej 

0.6 
f 

04 

03 
| = 
| 0.1 
% 0.1 
5 0 
0. 
Q. 
0. 
0. 
QO. 


746 RIBONUCLEASE ACTIVITY 


results explain the apparent decreased activity of ribonuclease in the spec- 
trophotometric assay at the higher ionic strengths since the additional salt 
produces the same over-all effect as the enzyme. Kunitz (7) found that 
RNase action caused a very small increase in the absorptivity of an RNA 


TaBLe III 
Effect of Ionic Strength on Absorptivity of Ribonucleic Acid 


Each cuvette contained 2 mg. of purified yeast RNA and salt to furnish the ap- 
propriate ionic strength in 4.0 ml. volume. All solutions were adjusted to pH 5.0. 


Added salt lonic strength Axo 
TABLE IV 


Effect of Ribonucleic Acid Concentration on Spectrophotometric 
Assay of Ribonuclease 
Purified RNA, 8 mg. per ml., pH 5.0, was diluted with H.O, then mixed with 1.1 
ml. of a solution containing RNase, 4 y per ml., and 0.1 ml. of 2.0 M acetate, pH 5.0. 
Total volume, 4.0 ml.; final ionic strength, 0.05. 


RNA Decrease in Asoo between 1 RNA Decrease in Asoo between 1 
concentration and 5 min. after mixing concentration and 5 min. after mixing 
mg. per ml. mg. per ml. 

0.075 0.028 0.500 0.060 

0.100 0.033 0.600 0.068 

0.200 0.043 0.800 0.070 

0.250 0.052 1.00 0.100 

0.400 0.058 


solution at Aygo. Similarly, an ionic strength of 0.25 produced by either 
acetate or NaCl did not alter the absorptivity of RNA at 260 mu. 

It is also noteworthy that this effect of ionic strength on A300 is revers- 
ible. Concentrated solutions of RNA at an ionic strength of 0.25 were 
diluted ten times or 100 times with either H,O, 0.25 M acetate, or 0.25 M 
NaCl. The absorptivity of the solutions diluted with H.O approached 
those of RNA originally dissolved and diluted in H.O, whereas dilution 
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with the salt solutions resulted in significantly lower values of A300. All 
of these solutions were adjusted to pH 5.0. 

Substrate Concentration—RNA concentration was varied under the con- 
ditions of the spectrophotometric assay of RNase. Ionic strength and 
enzyme concentration were held constant. As demonstrated by the data 
of Table IV, an increased concentration of RNA resulted in a gradual in- 
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Fic. 4. Comparison of rates of ribonuclease catalyzed reactions. Curve I, spectro- 
photometric; Curve II, phosphodiesterase. Each tube contained purified yeast 
RNA, 0.5 mg. per ml., pH 5.0, RNase, 0.08 y per ml., and 0.05 m acetate buffer, pH 
5.0. The final volume was 4.0 ml. in the spectrophotometic and 1.0 ml. in the phos- 
phodiesterase assay. In the phosphodiesterase assay, 3 ml. of tert-butanol-acetic 
acid were added at the time indicated and the tube was centrifuged. 1 ml. of the 
clear supernatant solution was diluted with 5.0 ml. of HO and the Ags determined. 
Each point represents the average of four separate determinations. 


crease in the rate of change of the absorbance of RNA solutions at 300 mu. 
These results, typical of those obtained with many enzymes, are in marked 
contrast to those included in Fig. 1, Curve I. 


Comparison of Rates of Spectrophotometric and Phosphodiesterase Assays 


The data presented thus far suggest that the spectrophotometrie and 
phosphodiesterase procedures possibly measure different reactions. Evi- 
dence that these are truly independent reactions is included in Fig. 4. The 
rate of the phosphodiester hydrolysis reaction was zero during the first 
2 minutes. The slope increased in the interval 2 to 5 minutes, but the re- 
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action did not attain its maximal rate until the final 5 minutes. The rate 
of the reaction determined by the spectrophotometric procedure, however, 
remained constant in the interval 1 to 5 minutes, as first reported by Kunitz 
(7). These data furnish evidence that the spectrophotometric procedure 
measures a non-hydrolytic reaction which precedes the hydrolysis of the 
phosphodiester linkage. The fact that the rate of this reaction remained 
constant while that of the hydrolytic reaction increased indicates that 
these two procedures are.indeed measuring independent reactions. 


DISCUSSION 


Ribonuclease action, increase in ionic strength, or increase in pH (Kunitz 
(7), (Fig. 3)) all decrease the absorptivity of RNA at 300 my. On the 
other hand the absorptivity at 260 my remains essentially constant during 
a short (5 to 10 minutes) incubation with RNase or with an increase in 
ionic strength. The relative constancy of the 260 my absorbance readings 
suggests that no significant hydrolysis of phosphodiester linkages has oc- 
curred and supports the finding of Kunitz (7) that the rate of formation 
of free acid is considerably slower than the rate of the spectral shift. This 
interpretation is also in accord with the observations of Magasanik and 
Chargaff (11), who found an appreciable increase in absorbance at 260 mz 
with hydrolysis of RNA by alkali. It also becomes probable that this 
initial reaction between ribonuclease and ribonucleic acid is responsible 
for both the spectral shifts as measured by the spectrophotometric assay 
and the dilatation results of Vandendriessche (8). This author interpreted 
the increase in dilatation as an effect on the “superstructure” of RNA, 
analogous to a denaturing action. The observations that increase in ionic 
strength alone produces similar spectral shifts and that these are reversi- 
ble, in conjunction with the fact that salt prevents denaturation of de- 
oxyribonucleic acid (12), suggest that considerable caution should be ob- 
served in considering these effects as a denaturation of RNA. As will be 
discussed more fully below, it is possible that both the spectral shifts at 300 
my and the volume changes are due to increased dissociation of protons 
from RNA. 

Although the accelerating effect of ionic strength on a number of en- 
zymes is well known, as is the phenomenon of substrate inhibition (13), 
the interrelationship of these two factors with the pH optimum of an en- 
zyme seems not to have been previously studied. In this section a pre- 
liminary explanation of the observations will be attempted. Kunitz first 
reported (14) that the pH optimum of RNase was in the region, pH 7.5 to 
7.7. This fact has been confirmed by others with a phosphodiesterase type 
assay (15, 16). When the pH of RNA solutions is increased, each acidic 
group with a pK in that pH region dissociates to a greater extent. 


Edelhoch and Coleman (3) observed that addition of neutral salt to un- 
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buffered solutions of RNA decreased the pH. This observation had also 
been made independently in this laboratory and indicates a greater disso- 
ciation of protons from acidic groups. Thus an increase in either pH or 
ionic strength produces an increase in the dissociation of certain acidic 
groups in RNA. If one assumes that the increased phosphodiesterase ac- 
tivity of RNase at higher pH is causally related to this greater degree of 
dissociation in the RNA, then it would follow that other factors which also 
increase dissociation (such as ionic strength) would exert a similar effect. 
It is noteworthy that substrate inhibition of RNase was not observed at 
pH 7.5 (3) or at pH 5.0 at an ionic strength of 0.6 (Fig. 1, Curve lV). Thus 
substrate inhibition of RNase phosphodiesterase activity would be caused 
by relatively undissociated RNA being bound to the enzyme. 

Crystalline beef pancreas ribonuclease is capable of at least three types 
of action on RNA or its degradation products. ‘These may be considered 
as a series of consecutive reactions: (1) non-hydrolytic alterations in struc- 
ture. Such processes can be readily demonstrated at a low ionic strength 
(u = 0.05) and at pH 5.0. (2) Hydrolysis of specific phosphodiester link- 
ages to form nucleoside cyclic phosphates (17). (3) Hydrolysis of specific 
nucleoside cyclic phosphates to form nucleotides (17, 18). Fig. 4 demon- 
strates that Reaction 1 precedes Reaction 2 by a short interval. Markham 
and Smith have shown that Reaction 2 precedes and is faster than Re- 
action 3 (18). 


SUMMARY 


1. Crystalline beef pancreas ribonuclease is inhibited in its phosphodi- 
esterase activity by excess ribonucleic acid at pH 5.0. This inhibition 
can be decreased or prevented by an increase in ionic strength of the me- 
dium. Substrate inhibition did not occur with the Kunitz spectrophoto- 
metric ribonuclease assay. 

2. An increase in ionic strength from 0.1 to 0.6 markedly increases the 
phosphodiesterase activity of ribonuclease, but an ionic strength greater 
than 0.1 depresses the apparent catalytic effect of the enzyme in the spec- 
trophotometric assay. 

3. Increased ionic strength depresses the absorptivity at 300 my of ri- 
bonucleic acid at pH 5.0. This spectral effect is reversible. 

4. It is concluded that the Kunitz spectrophotometric assay measures 
a non-hydrolytic alteration in the structure of ribonucleic acid. This al- 
teration precedes measurable hydrolysis of phosphodiester linkages by a 
short time interval. 
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MEASUREMENT OF PROTEIN TURNOVER IN RAT LIVER* 


By ROBERT W. SWICK 


(From the Division of Biological and Medical Research, Argonne National Laboratory, 
Lemont, Illinois) 


(Received for publication, October 11, 1957) 


The validity of Schoenheimer’s concept of the general dynamic state of 
tissue proteins has been challenged by the studies of several groups who 
have demonstrated the lack of turnover in certain proteins of microor- 
ganisms (1, 2) and of some animal tissues (3-5). In an attempt to reconcile 
the stability of bacterial proteins with the apparent instability of some 
mammalian proteins, it has been suggested that rapid isotope incorporation 
into the mammalian proteins is a phenomenon peculiar either to tissues 
which secrete large amounts of protein or to populations of cells under- 
going rapid division (2). The observation has been reported previously 
(6, 7) that, in a matter of 4 weeks (possibly less), the guanidine group of 
arginine found in the total liver proteins of rats constantly exposed to C“%O. 
had attained 94 to 100 per cent of the specific activity of excreted urea; 
t.e., substantially all of the protein had been renewed. It would appear 
that, in the processes of metabolism and synthesis of protein for export, 
a major portion of the protein which remains in the liver also is replaced. 
Nor can this renewal be explained as a replacement of cells, since the life 
span of liver cells has been shown to be at least 4 to 5 months (8, 9). 

In the present study the technique of continuous exposure of rats to 
isotopic carbon dioxide was applied to the estimation of the turnover rates 
of these proteins. This was accomplished principally by the measurement 
of the kinetics of arginine metabolism in rat liver. Several experiments 
which involve the metabolism of glycine and lysine in the same animals 
will also be described. 

When the rise in the radioactivity of a component is employed to cal- 
culate the rate of renewal of the component, it is necessary to identify its 
precursors and to measure the changes in the radioactivity of these sub- 
stances. Non-protein arginine is undoubtedly the precursor of protein 
arginine; its guanidine group is presumably the precursor of urea. The 
direct observation of the rising curve of activity in free liver arginine was 
not made for several reasons: the difficulties in isolating and counting the 
small amount of free amino acid present, complicated by the extreme ra- 


* This work was performed under the auspices of the United States Atomic Energy 
Commission. A preliminary report of this work was presented at the meeting of 
the American Chemical Society, New York, September 9-14, 1957. 


751 


1, 
€ 


752 PROTEIN TURNOVER IN LIVER 


pidity of its equilibration with isotope, and the fact that this procedure 
would require comparisons among animals rather than within the same 
animal. Nevertheless, a minimal and a maximal time-course of increasing 
specific activity in free arginine may be inferred. The continuous adminis- 
tration of C'“O2 produces an immediate rise in the specific activity of in- 
tracellular COs, which remains constant for the duration of the exposure 
(10). CO, is rapidly incorporated into the guanidine group of arginine 
through only one or two intermediate compounds and is released as urea 
via the reactions of the Krebs-Henseleit cycle, which apparently are con- 
fined to the liver. Since the equilibration of intracellular COz2 is so rapid 
and the amount of free arginine so small, the rise in the specific activity of 
the guanidine group may be considered almost instantaneous, particularly 
relative to the rate of protein formation. 

On the other hand, a maximal estimate of the time required for this rise 
can be obtained from the periodic measurement of the specific activity of 
the urea excreted. A value for this time-course was obtained and was also 
used in the calculation of the turnover rate of liver protein. 

Arginine also possesses a second carbon atom derived in part from COs, 
z.e. the carboxyl group. In this case there is a host of reactions between 
the initial fixation of CO: into oxalacetic acid and the formation of orni- 
thine; hence, it was not possible even to infer the rise in radioactivity of 
the free arginine carboxyl group. However, the specific activity of the 
carboxyl group of protein arginine was measured in several instances in 
order to compare the kinetics of this group with those of the guanidine 
moiety. 

The accompanying scheme appears to be a plausible representation of 
arginine metabolism in the liver and is consistent with information availa- 
ble in the literature. It is reasonably certain that protein synthesis starts 
with free amino acids and that protein degradation ends with free amino 
acids (11). Although thermodynamically easy, exchange of amino acids 
in and out of intact protein apparently does not occur in animals (12). 
Also, substantially all of the protein in the liver is involved in turnover 
since the guanidine group of protein arginine attains the specific activity of 
urea at isotopic equilibrium (6, 7). 

The symbol V represents the reaction velocity in micromoles of the given 
compound or group formed by the reaction per day. The capital letters 
designate the specific activity of the component at any time: U, the specific 
activity of urea at equilibrium, which is equivalent to intracellular CO; 
(P); P., the specific activity of the immediate precursor of ornithine; 
A,, the specific activity of the guanidine carbon of free arginine; A., the 
specific activity of the carboxyl carbon of free arginine; and R, and R., 
the specific activities of guanidine and carboxy] carbons, respectively, of 
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arginine in protein. The appropriate lower case letters will be used to in- 
dicate the amount of the component present. It will be understood that 
“arginine” represents the several compounds of the Krebs-Henseleit cycle, 
viz. ornithine, citrulline, and arginine, which are in rapid equilibrium with 
one another. Hence, it is permissible to represent the rate of incorporation 
of CO, into arginine guanidine by a single reaction velocity, V1,. 


CO. (P) (A,) C=NH 
NH 
CH. Vo (R,) 
| y > ‘Protein 
CH, V3 
V4 
CHe > Exeretion 
CHNH, 
| 
Precursor (A.) COOH 


Let us consider the reactions which involve the guanidine group of 
arginine. At ¢ = 0, exposure to CO, occurs and is continued. Because 
the amount of soluble arginine is small compared to the amount of arginine 
in protein, and because free arginine perforce is metabolically very active, 
its average specific activity must be a function only of the specific activity 
of its precursors, arginine arising from liver protein and de novo synthesis. 
Therefore the specific activity of the guanidine group (A) will be the 
weighted average of P and R. 


ViP+ V3R 
Vict Vs; 


As with the nucleic acids (8, 13), the rate at which activity is introduced 
into the protein is given by 


d(rR 
(2) = V2A 


(1) A= 


Since the rats used in these experiments were not growing, 7, the amount 
of arginine in the protein, may be considered constant. Also, V2 = V3 
under these conditions. By substituting the expression for A of Equation 
1 for A in Equation 2 and integrating, we obtain 
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In the present situation, V; is so rapid relative to V; that the ratio V,/V, 
+ V3 is essentially equal to 1, leaving only V2/r in the expression; hence, 
Equation 3 gives a minimal approximation of the true renewal rate for 
liver protein arginine.! 

On the other hand, if the rise in specific activity of A can be represented 
by the rise in specific activity of the urea, then the specific activity of A 
at any time will be expressed by 


(4) A = U(1 — e*?) 


where U is the specific activity of urea at equilibrium and k is obtained 
from the observed rise in specific activity of urinary urea. Substitution 
of the expression for A of Equation 4 into Equation 2 gives 


dk 


r V.AUQ — e*)] 


(5) 


since V2 = V3. 
Integration of Equation 5 yields 


(6) 


Equation 6 gives a maximal value for the rate of renewal of liver arginine. 
The substitution into Equations 3 and 6 of the observed specific activities 
of protein arginine and urea isolated from rats exposed for various periods 
makes it possible to estimate the turnover rate of arginine in liver protein 
which, presumably, is equivalent to the turnover rate of the protein. 

It was possible to study the incorporation of CO: into glycine in a 
manner similar to that employed for the study of COz incorporation into 
the guanidine group of arginine. Benzoic acid is conjugated with glycine 
to form hippuric acid in the liver, and to some extent in the kidney, and 


1 Although Equation 3 is the equation which, in one form or another, has been 
commonly used in the interpretation of turnover experiments, it usually does not 
give a true picture of the renewal rate of the macromolecule under consideration. 
Besides the turnover rate, V2/r, the exponent is a function of two other reaction 
velocities: the rate at which the isotopic precursor is being formed or furnished 
(V,) and the rate at which the precursor is being formed by the degradation of the 
product (V;). When the animal is in a state of dynamic equilibrium, V; = V4, the 
rate of disappearance of the precursor, and V2 = V3. If V2 is of the same order of 
magnitude as V,, then there will exist ample opportunity for the zsotopic molecule to 
cycle in the system before it is lost through excretion or degradation. Therefore, 
I.\quation 3 may give only an estimate of the turnover rate of the isotopic molecule in 
the precursor-product system rather than an estimate of the renewal rate of the 
macromolecule per se. This will be illustrated by the accompanying data. 
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is excreted in the urine. Periodic measurement of the specific activity 
of urinary hippuric acid-affords an estimate of the rise in specific activity 
of free glycine in the liver. 

Glycine metabolism in the liver may be represented by the following 
scheme. 


Hippuric acid 


V; T Ve 
(A) V; (R) 
V4 
Excretion 


Here, the experimental data obtained were fitted to Equation 6, since the 
rise in specific activity of hippuric acid, and presumably of free glycine, 
was much slower than the rise in specific activity of urea. An estimate 
of V2/r was calculated for glycine and compared with the estimates made 
for arginine in the same animal. 

In order to compare the data observed in these experiments with those 
obtained previously by others who employed labeled essential amino acids, 
lysine-1-C'4 was administered in combination with C™Q:. Also, the 
specific activity of the carboxyl group of protein arginine was determined 
in several instances since arginine is considered to be at least a semiessential 
amino acid. In neither instance was it possible to obtain an approxima- 
tion of the rising curve of radioactivity in the free hepatic amino acids. 
The specific activity of protein lysine at equilibrium must approach the 
specific activity of dietary lysine. The ultimate. specific activity of the 
carboxyl group of arginine was assumed to be one-tenth of the equilibrium 
value for urea since this ratio had been observed previously under identical 
dietary conditions (7). The observed specific activities of these amino 
acids in liver protein and the value for P calculated as described were 
fitted to Equation 3, and an estimate of Vi/V;: + V3-Vo/r was obtained. 
The data presented below will show that the value of this exponent cal- 
culated from the incorporation of lysine.and the carboxyl] group of arginine 
differs greatly from that calculated for the incorporation of the guanidine 
group of arginine into protein. Therefore, the quotient Vi/Vi + V3 
does not approach 1 and V; must be of the same order of magnitude as V3. 
If the validity of the estimates of V2/r as given by the guanidine group of 
arginine is accepted, then the value of V,,, the rate of formation of the car- 
boxyl group of free arginine (or of a V, for the rate of appearance of dietary 
lysine in the hepatic lysine pool), may be calculated for the same animal 
when the amounts of the amino acids are known. Furthermore, the 
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probability that a given amino acid which arises from the degradation of 
liver protein will be reincorporated may be calculated from the expression 
V2/Vi, + V3, where Vo = V3. 


Methods 


Female adult Sprague-Dawley rats weighing 250 to 300 gm. were placed 
on a diet containing CaCO; and, as the sole protein source, a mixture of 
essential amino acids and ammonium citrate. The diet (HAA3) and the 
manner in which it was fed have been described previously (7). Sodium 
benzoate was added to the diet at a level of 1 per cent in two experiments. 
Lysine-1-C' was incorporated at a level of 2000 c.p.m. per gm. of diet in 
two other experiments. Body weight varied no more than +1 gm. during 
the exposure period, which ranged from 1 to 8 days. Urine was collected 
under toluene in 3 hour fractions by placing the metabolism cages which 
contained the rats over another fraction collector. The animals were 
killed by exsanguination, the livers were removed and weighed, and the 
protein fraction was prepared as described previously (6). 

Arginine was isolated in either of two ways. In the first trials arginine 
was precipitated as the flavianate, regenerated with HCl, and the flavianic 
acid was removed with Dowex 2 HCO;-. The guanidine group was ob- 
tained as CO: by hydrolysis with saturated NaOH in a sealed tube at 117° 
for 16 hours. In recent experiments, the protein hydrolysate, after re- 
peated evaporations and washings and neutralization with Dowex 2 HCO;, 
was adsorbed on a mixed bed column of Dowex 2 Cl- and Dowex 2 OH- 
in a 3:1 ratio (14). Arginine was eluted almost immediately with water. 
The amino acid was then treated with arginase according to the procedure 
of Hunter and Dauphinee (15) to yield urea which, in turn, was treated 
with urease to yield CO2. Identical results were obtained with either 


method, but the latter procedure was preferred for its speed. Urinary urea | 


was also treated with urease. 


Glycine was isolated by one-dimensional descending paper chromatog- 


raphy on Whatman No. 17 filter paper fitted with a Whatman No. 1 
wick and buffered at pH 12 (16). Phenol, nearly saturated with buffer, 
was the developing solvent. It was possible to elute 4 to 5 mg. of glycine 
free from other amino acids from a single sheet. Hippuric acid was 
isolated from successive 3 hour samples of urine by extraction at pH 38 


with ethyl acetate (17). The ethyl acetate was removed by evaporation } 


and the hippuric acid was hydrolyzed with 2 cc. of 3 N HCl at a reflux for 
4 hours. Glycine was the only amino acid in these hydrolysates. 

Lysine and the other amino acids were eluted from the Dowex column 
with dilute acid, and the acid was removed by distillation and treatment 
with Dowex 2 HCO;-. The carboxyl group of lysine was then obtained 
as CQO:2 by incubation with lysine decarboxylase (18). 
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The carboxy] groups of arginine which had been isolated chemically and 
of glycine were liberated as CO2 with ninhydrin and the radioactivity of 
all samples was measured by proportional gas counting (19) with an 
accuracy of +1 per cent. 
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Fig. 1. The incorporation of C™ into urinary urea collected at successive 3 hour 
intervals from one rat. The relative specific activity of the urea at equilibrium is 
taken as 100. O, observed specific activity. The smooth curve satisfies A = 100 
(1 — e~*-54), The time of initial offering of isotopic diet is indicated by the arrow. 
The lag is caused by a number of factors: the animal had 1 hour in which to consume 
the first offering, the collection period was 3 hours long, and urine was retained in the 
bladder for some time. 


Results 


Incorporation of CO2 into Urea—The specific activity of the urea was 
determined in each succeeding 3 hour sample of urine, starting at ¢ = 0 
until the specific activity became constant. This usually required about 
18+ 3 hours. An example of the data obtained is shown in Fig. 1. Sam- 
ples selected at different points throughout the entire exposure period were 
also analyzed in order to confirm the constancy of the specific activity of 
the metabolic COz, to be certain that a plateau had been reached, and to 
determine the equilibrium value for urea. 
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Equation 4 was then rearranged to give 
(7) In(UV — A) = InU — kt 


the regression of In(U — A) ont was calculated, and the slope, 2.¢c. k, was 
found. The values obtained for k for each animal are shown in Table I; 
k should equal V,/a, the fraction of the free arginine pool formed each 
day. The amount of non-protein arginine in a 10 gm. liver amounts to 
about 4 wmoles (20). If k = 5, then V; = 20 uwmoles per day; 7.e., 20 
umoles of arginine-guanidine group are formed from CO:2 each day. This 


TABLE I 


Values of k, Rate Constant for Appearance of Radioactivity 
in Urinary Constituents in Days! 


Days exposed Urea . Hippuric acid 

1 8.26 
5.47 
7.52 
2 3.77 
2.72 
4 3.08 
4.60 
4.54 

3.90 1.31 
8 5.53 
3.11 

4.59 1.06 


is obviously not the case since these rats excreted some 6000 umoles of 
urea each day. Hence the observed k must represent the fraction of total 
body urea turned over each day. Dividing 0.693 by the average k gives 
the value for the half life of body urea and is equal to about 0.15 day or 
3.6 hours. Liefer et al. (21) administered isotopic urea to mice and esti- 
mated its half life to be about 5 hours. 

Incorporation of Arginine into Protein—Comparison of the specific 
activity of the guanidine group of arginine isolated from the protein with 
the equilibrium value for urea, after normalization, shows that the protein 
arginine has been replaced to the extent of about 25 per cent after 1 day’s 
exposure, 42 per cent after 2 days, and 63 per cent and 78 per cent after 
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4 and 8 days, respectively (Table II). When the specific activities for the 
guanidine group (/2), urea (U), and k as calculated above are fitted into 
Equation 6, the maximal value for V2/r may be calculated (Table ILI). 
Substitution of these same specific activities into Equation 3 gives a minimal 
value for V2/r (Table ILI). 

It is clear that the value obtained for V2/r is related to the length of 
exposure of the animal; the shorter the exposure, the faster the apparent. 
turnover rate. That the apparent high turnover rate observed after | 


TABLE II 
Radioactivity in Amino Acids in Liver Protein* 
Days exposed Arginine guanidine Glycine carboxy] Arginine carboxyl Lysine carboxyl 
1 26.3 
25.0 
24.27 
2 40.8 
42.3 
4 61.1 
62.6 
63.4 36.4 
64.5 57.8 31.2 
77.9 44.8 
77.1 57.4 42.6 
78.8 74.3 54.6 


* All values are expressed as per cent of equilibrium values. These are for ar- 
ginine guanidine, the specific activity of urea; for glycine carboxyl, the specific 
activity of hippuric acid; for arginine carboxyl, one-tenth the specific activity of 
urea (see the text); and for lysine carboxyl], the specific activity of diet ary lysine. 

+ Liver perfused before dissection. 


day’s exposure is not due to the presence of the proteins of the blood in the 
liver was established by perfusion of liver of one of the rats thus treated. 
The incorporation of activity was the same as that observed in unperfused 
livers (Table II). 

Incorporation of Glycine into Proteén—The appearance of radioactivity 
in the glycine moiety of excreted hippuric acid was slower than its appear- 
ance in urea. The specific activity became constant after about 54 hours. 
The data were fitted to Equation 7 and the slope of the regression was 
calculated as for urea (Table I). There are two factors which affect the 
reliability of k. As in the case of urea, k represents the rate of appearance 
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of labeled hippuric acid in the urine. Secondly, the rat also conjugates 
benzoic acid in the kidney at about one-third the rate in the liver (22), 
However, since the metabolism of fixed carbon in kidney is much like that 
in liver (23), the effect may be negligible. 

After 4 days exposure, protein glycine had attained 57.8 per cent, and 
after 8 days 74.3 per cent of the equilibrium specific activity of the urinary 
hippuric acid (Table II). Substitution of the appropriate values into 
Equation 6 gives V2/r, the rate of replacement of protein glycine for com- 
parison with the rate of renewal of protein arginine. The agreement of 


TaBLeE III 
Apparent Turnover Rate Constants for Amino Acids in Liver Protein in Days 
1 x x 
exposed (Equation 3) Gienstion 6) (Reaatian 6) (Equation 3) (Equation 3) 
1 0.31 0.33 
0.29 0.36 
0.28 0.33 
2 0.26 0.31 
0.27 0.34 
4 0.24 0.26 
0.24 0.26 
0.25 0.27 0.11 
0.26 0.28 0.25 0.09 
8 0.19 0.19 0.07 
0.18 0.19 0.11 0.07 
0.19 0.20 0.19 0.10 


the estimates of the turnover rate of the two amino acids in the same 
animal is excellent (Table ITI). 

Incorporation of Radioactive Lysine and Carboxyl Group of Arginine into 
Protein—The specific activity of the protein lysine was determined after 
8 days exposure to a diet containing lysine-1-C. About 43 per cent of 
the protein lysine had been replaced with isotopic lysine during this period 
(Table II). The observed specific activities were fitted to Equation 3 and 
the value of the expression V;/V; + V3-V2/r calculated (Table III). 
The specific activity of the carboxyl group of protein arginine rose to 36 
per cent of the assumed equilibrium value after 4 days and to 56 per cent 
in 8 days (Table II). Substitution of these values into Equation 3 gives 
an average value of 0.10 for Vi/Vi + V3-V2/r (Table ITI). 
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It is possible to calculate the value of V2, the rate of incorporation of 
the guanidine group into protein, from the experimentally determined 
value of V2/r and the calculated value of r, the amount of arginine in the 
liver proteins, derived from the data of Sauberlich and Baumann (24) 
(Table IV). It also appears valid to assume that V2/r will be the same for 
all of the amino acids in a given animal. Therefore, it is possible to cal- 
culate V;,, the rate of formation of the carboxyl group of free arginine, 
and, in an analogous fashion, to calculate the incorporation of isotopic 
dietary lysine into free hepatic lysine (Table IV). It may be seen that the 
value of V; for these two groups is of the same order of magnitude as V2. 
Furthermore, the probability of reutilization of either of these amino acids 


TaBLE IV 
Parameters of Arginine and Lysine Metabolism 
Guanidi F i f Probabili f ice: cl Probabili f 
into protein” arginine carboxyl reutilization of realization 
pmoles per day pmoles per day pmoles per day 
4 150 130 0.54 
160 88 0.64 
8 98.5 115 0.46 
117 127 0.48 85.2 0.58 
131 191 0.41 


* Minimal values. 


may be estimated. The results of this calculation are also shown in Table 
IV. It is clear that the probability is high. 


DISCUSSION 


The experiments described herein were designed to satisfy in as many 
ways as possible the criticisms leveled at previous attempts to estimate 
the turnover rate of proteins. There exists sufficient experimental evidence 
to justify the belief that free hepatic arginine is the precursor of both hepatic 
protein and urea. Although the rising curve of radioactivity of free 
arginine was not measured, minimal and maximal values for its time-course 
were described and its ultimate specific activity was measured. Further- 
more, it has been shown that the liver protein will attain the same equilib- 
rium specific activity in 4 weeks (7). Therefore, it is possible to calculate 
the rate of incorporation of the guanidine group of arginine into protein. 
That glycine incorporation, measured in an analogous fashion, occurs at a 
rate nearly identical with the rate of guanidine incorporation strongly 
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indicates that the replacement rate of arginine is synonymous with the 
renewal of liver protein.’ 

The observation that the apparent renewal rate decreases with increased 
time of exposure is consistent with the well established heterogeneity of 
metabolic activity of liver protein. Since there are probably as many 
turnover rates as there are species of liver protein, any attempt to break 
the data into components is pointless. However, it seems certain that the 
rates of replacement are all quite rapid. When the data are expressed 
in terms of half lives, the minimal values range from 1.8 to 3.6 days and the 
maximal figures are 2.2 to 3.8 days.2 These results are in excellent agree- 
ment with the 2.4 days found by Ussing (26), who followed the incorpora- 
tion of deuterium into liver proteins of rats continuously furnished with 
D.O, and with the 2.8 days calculated by Tarver and Morse (27), who fed 
methionine-S**, A number of workers have reported half lives of about 
twice these values (28-30). Calculations made from the data obtained 
with lysine and the carboxyl group of arginine also result in a longer 
apparent half life for liver protein: 10 and 7 days, respectively. These 
figures are valid only if the assumption is made that the specific activity 
of the precursor pool rose immediately to its equilibrium value, which, 
evidently, it did not do. The slow rise in specific activity may be explained 
in part by the following considerations. Block (31) has recently suggested 
that, when a tracer amino acid is administered, the rise in specific activity 
of free amino acids in liver is far from rapid because of the significant 
contribution to the free amino acid pool of unlabeled amino acids which 
arise from the hydrolysis of digestive enzymes in the tract. Secondly, 
since the lysine content of the diet was minimal and all of the arginine 
carbon chain arose from a barely adequate synthetic system, one would 
expect that the reutilization of amino acids derived from the degradation 
of liver protein would be maximal. Indeed, the probability of reutilization 
was of the order of 50 per cent for these amino acids (Table IV). Loftfield 
and Harris (11) observed that about 50 per cent of protein-derived leucine 
was reutilized for protein synthesis in their in vitro system. Solomon and 


2 The relative amount of arginine in liver protein probably follows a normal dis- 
tribution as does the relative amount of glycine, with no correlation between the two. 
The various turnover rates of the liver proteins probably also exhibit such a distribu- 
tion. Similar renewal rates were calculated from the incorporation of the two amino 
acids at each of two points on the time scale, although the rates at the two times 
differed. This indicates that the amounts of arginine and glycine are not correlated 
with the turnover rates of these proteins, even by coincidence. 

3 It has been suggested that much of the protein synthesized by the liver is plasma 
albumin, and indeed the amount of albumin formed daily as calculated by others 
would account for most of the protein synthesized at the rates presented here. How- 
ever, this total amount of albumin is never present in the liver at any one time (25); 
therefore the data are still derived largely from the proteins native to the liver. 
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Tarver (32) have shown that an increased dietary protein produces an 
apparent increase in the rate of turnover of liver protein. 

The rise in radioactivity of the guanidine group of free arginine should 
be scarcely affected by these factors because of the extreme rapidity of its 
renewal. Reutilization of guanidine carbon derived from digestive 
enzymes, plasma proteins, or hepatic protein is at a minimum. It was 
estimated that about 98 per cent of the free guanidine groups was newly 
synthesized material. 

It would appear, then, that the guanidine group of arginine, labeled 
from COs, is an excellent tracer for the measurement of the renewal of 
proteins which originate in the liver, because of the ease of analysis of its 
specific activity and because the precursor pool of free arginine is always 
composed of newly synthesized material, the specific activity of which may 
be easily ascertained and is not unduly influenced by extracellular factors. 
Therefore, variations in the rate of incorporation of isotopic arginine into 
liver-derived proteins should reflect only variations in the rate of synthesis 
and degradation of these macromolecules. 


Grateful acknowledgment is made to Dr. David A. Yphantis for his 
interest and helpful suggestions in connection with the theoretical aspects 
of this work. 


SUMMARY 


The rate of renewal of liver proteins has been estimated from the measure- 
ment of the incorporation of COs, into the guanidine group of arginine in 
adult rats continuously exposed to isotope for periods of 1 to 8 days. 
The calculated half lives of liver proteins ranged from 1.8 to 3.8 days, 
depending upon the duration of the exposure. The similarity of estimates 
made from the incorporation of isotopic glycine in the same animals leads 
to the conclusion that the rate of incorporation of either glycine or the 
guanidine moiety of arginine represents the rate of protein renewal. 

Estimates made from the incorporation of lysine-1-C" or of the carboxy] 
group of arginine labeled from C™“O, were considerably larger, suggesting 
an efficient mechanism for the conservation and reutilization of these 
amino acids. 3 
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THE BIOSYNTHESIS OF ESTRONE AND PROGESTERONE 
IN THE PREGNANT MARE* 
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Studies of the biological incorporation of isotopically labeled acetate 
into steroid hormones have become a well established tool in the field of 
steroid biochemistry. We have undertaken the study of the incorpora- 
tion of acetate-1-C into the various sterols and steroid hormones of the 
pregnant mare. This study has been a joint undertaking of the two labo- 
ratories and has been the subject of several doctoral and masters theses; 
several aspects of the work have been reported (1-4). The present com- 
munication deals with the isolation and measurement of the radioactive 
neutral steroids of the urine, all related to progesterone. The results on 
the daily samples of one, 38-hydroxyallopregnan-20-one are interpreted 
in terms of data on whole blood cholesterol and urinary estrogens drawn 
from the earlier reports. Comparison of the apparent rates of formation 
from acetate of estrone and progesterone in this experiment has indicated 
that both hormones may have a common biosynthetic pathway. 


Methods 


Melting Points—These were determined on a Nalge-Axelrod hot stage 
upparatus, equipped with a polarizing microscope, and are not corrected 
for emergent stem. 

Infrared Absorption Spectra—Spectra were determined on a model 12C 
Perkin-Elmer infrared spectrophotometer by Mr. Paul Skogstrom and Mr. 
Paul Potvin under the supervision of Dr. Harris Rosenkrantz. The 
compounds were deposited as solid films from suitable solvents or as potas- 
sium bromide pellets (5) and the spectra were matched with those of au- 
thentic samples prepared in the same fashion. 


* The authors acknowledge the support of contract No. DA-49-007-MD-184, Army 
Medical Research and Development Board, Office of the Surgeon General, Depart- 
ment of the Army, United States Army, and of contract No. AT(30-1)-918, United 
States Atomic Energy Commission. 

t Present address, University of Miami School of Medicine, Miami, Florida. 

t Deceased September 8, 1957. 
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Measurement of Radioactivityj—Measurement of radioactivity of the 
various crude and intermediate fractions was carried out in a windowless 
gas flow counter; the radioactivity of the final crystalline products was 
measured in an automatic gas flow counter. All the samples were counted 
at infinite thinness, with an error not exceeding +5 per cent. 

In order to appraise variations in counting efficiencies between the 
Shrewsbury and Montreal laboratories due to manipulatory and instru- 
mental differences, several samples of crystalline materials were exchanged 
and each counted by the two laboratories by the two techniques (1). No 
significant difference was found to exist. 

Separation with Girard’s Reagent T—Formation of the hydrazones con- 
sisted in treating the neutral steroid fraction in methanol with Girard’s 
Reagent T and glacial acetic acid under a reflux for 30 minutes (6), and 
proceeding in the usual manner. The water-soluble ketonic hydrazones 
were decomposed by adjusting the solution to pH 1.0 and adding 10 ml. 
of concentrated hydrochloric acid.. The ketonic fraction was extracted 
with methylene dichloride (or ether) in two stages, first after the solution 
had stood at room temperature overnight and, second, after being heated 
to the boiling point and cooled. The ketonic fractions were combined. 

Separation with Digitonin—The procedure described by Dobriner and 
coworkers (7) was followed in which the insoluble digitonides (8 fraction) 
were precipitated from 90 per cent ethanol; the final concentration of 
digitonin was 1 per cent and that of the steroid fraction (ketonic and non- 
ketonic) 0.25 per cent. The discarded digitonin, though highly colored, 
contained negligible amounts of radioactivity. 

Column Chromatography—Silica gel (The Davison Chemical Corpora- 
tion, mesh size 60 to 200), was used in most of the chromatograms in the 
ratio of 300 parts of silica gel to 1 part of steroid fraction. The columns 
were prepared in benzene, and the steroid fraction applied to the column 
in benzene. Elution was effected with benzene and ethy] acetate mixtures, 
ethyl acetate, and methanol; the benzene-ethyl acetate mixtures used 
were in the ratios of 19:1, 9:1, 5:1, 2:1, and 1:1 by volume. In the 
earlier phases of the study, columns of magnesium silicate-Celite (7) 
were used. 

Formation of Acetates—The steroids were dissolved in pyridine (0.1 
ml. per 100 mg.) and cooled. Acetic anhydride (0.1 ml. per 100 mg.) 
was added and the mixture allowed to stand at room temperature over- 
night. Ethanol was added to decompose excess anhydride by standing for 
30 minutes; the solution was evaporated to dryness at 45° under a stream 
of nitrogen. This procedure was repeated until the odor of pyridine had 
been removed. The acetates were crystallized to constant melting point 
from appropriate solvents. 
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EXPERIMENTAL 


A hybrid mare in the 9th month of pregnancy was chosen for the experi- 
ment. Sodium acetate-1-C“ (619 mg., 53.62 me.) was administered 
intrajugularly in three daily injections through Days 1 to 4, as shown in 
Fig. 1. Full 24 hour outputs of urine and 1 liter of blood were collected 
and processed each day. On Day 10, the animal was killed (chloral) and 
various tissues were collected for chemical and histological studies. 

Hydrolysis, Separation, and Fractionation Procedures—The daily urines 
were subjected to two hydrochloric acid treatments (0.5 and 2.5 hour 


INCORPORATION OF ACETATE 
INTO URINARY STEROIDS 


2 4 6 & 1O DAYS 
Fic. 1. Radioactivity of steroids isolated from urine of pregnant mare given 
acetate-1-C'4. Shaded area shows acetate dose in 1 to 2 K 10° c.p.m. (right ordi- 
nate); estrone, O; 38-hydroxyallopregnan-20-one (acetate), X; cholesterol of blood, 
O; allopregnane-38, 20a-diol, allopregnane-38, 16a,208-triol, f. 


refluxing at pH 1.0) and two shakings with toluene, and the extracted 
lipides were combined and partitioned between 10 per cent sodium car- 
bonate, 0.1 N sodium hydroxide, and nN sodium hydroxide to give acidic, 
strong phenolic, and weak phenolic fractions, respectively (1); the neutral 
compounds remained in the toluene. <A typical distribution of weight 
and radioactivity among these fractions is given in Table I for the frac- 
tions obtained on Day 4. The entire urine collection of Day 8 was lost 
and the total neutral fractions of Days 5 and 6 were accidentally combined ; 
the latter were fractionated as usual and the results obtained on the isolated 
steroid considered to be the average for the 2 days. 

Typical of the fractionation procedure is that of the initial analysis of 
the neutral compounds obtained from urines of Days 5 and 6 which re- 
vealed that the most readily isolated steroid was 38-hydroxyallopregnan- 
20-one (allopregnanolone, 40 per cent of the 8-ketones) from the neutral 
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8-ketonic fraction (8). This neutral 6-ketonic fraction, weighing 200 mg., 
was chromatographed on silica gel. The mixture was applied in benzene, 
the benzene-insoluble portion being reserved for future study. Elution 
was effected with benzene and ethyl acetate mixtures as described; 100 
fractions were collected. The allopregnanolone eluates (benzene-ethy] 
acetate 9:1) were combined (140 mg.) and recrystallized several times 
from aqueous methanol and from carbon tetrachloride until the melting 
point was constant (m.p. 189-191°). Chemical characterization was 
established by melting point of an admixture (m.p. 189-192°) with an 


TABLE 
Distribution of Radioactivity in Urinary Extracts and Fractions of Day 4 


Fraction Weight C.p.m.* 
gm. c.p.m. per mg. 

Crude toluene extract.................. 8.685 X 10° 
Strong phenolic........................ 1.610 X 10° 
Weak phenolic......................... 1.245 X 10° 

Ketonic a fraction . 0.716 0.363 10° 506 

0.386 0.373 X 10° 967 

Non-ketonic a fraction 2.270 0.875 10° 385 

3.607 1.806 X 10° 


* Not corrected for self-adsorption. 

t As in all experiments involving radioacetate, much water-soluble material 
containing significant radioactivity is formed. This accounts for the major loss in 
the fractionation of radioactivity relative to the loss in weight. 


authentic sample of allopregnanolone, and by means of the infrared ab- 
sorption spectrum. 

Radiochemical Purity—Since in most acetate-C™ incorporation studies 
there is danger of contamination of isolated steroids by trace amounts 
of compounds of higher or lower specific activity, the following criteria 
of radiochemical purity were deemed necessary and adequate. After 
chemical characterization of the isolated allopregnanolone, the specific 
activity was measured. The compound was then acetylated and the 
product recrystallized several times from acetone and the specific activity 
again determined. In most instances the two measurements of specific 
activity were within experimental error (+5 per cent); further purification 
such as saponification, chromatography on paper of the free steroid, and 
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additional crystallizations was found not to cause any change in specific 
activity. In several instances, apparently when the initial separations 
on the silica gel chromatograms were inadequate, a significant change in 
specific activity occurred upon acetylation. In these cases it was found 
that radiochemical purity had been achieved by the acetylation procedure, 
since upon recrystallization the specific activity of the allopregnanolone 
acetate was the same whether determined on the crystals or the mother 


TABLE II 


Radioactivity of Steroids from Urine of Pregnant Mare 
after Administration of Acetate-1-C'4 


Allopregnanolone (acetate) Estrone 
Day No. 
A B Cc D E 

c.p.m. per mmole per c.p.m. per mmolet No. 

1 95 34.2 * 103 3,420 30 X 103 9.0 

2 321 115.5 X 10? 11,550 120 X 103 10.3 

3 721 260.0 103 26 , 000 278 X 103 10.7 

4 1243 448.0 X 10? 44,800 302 X 103 6.7 

| 1203t | 466.0 x 10° | 46,600 377 X 10% | 8.1 

7 737 265.0 * 103 26, 500 177 X 103 6.7 

9 243 87.5 X 103 8,750 83 X 103 9.5 

10 233 84.0 X 103 8, 400 56 X 103 6.7 
8.5 + 


* Based on the assumption of ten C!*-labeled positions in Ca steroid. 

t Calculated from published data (2). 

t This value was obtained on the combined neutral fractions of Days 5 and 6. 
§ This value is the average of the samples isolated from Days 5 and 6. 

| Mean and standard deviation. 


liquors. In these instances subsequent saponification and crystallization 
of the free steroid caused no change in the specific activity from that of 
the acetate. 

The radioactivity findings on allopregnanolone acetate are given in 
Table II, where they are listed as counts per mg. (Column A) and counts 
per millimole (Column B); also listed are the millimolar activities of the 
daily samples of estrone (Column D) as calculated from data already 
published (2); because of the combining of neutral fractions of Days 5 
and 6, the values for estrone of Days 5 and 6 have been averaged. 

Double Carrier-Dilution Study—An abortive attempt was made _ to 
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determine the actual amounts, as well as the specific activity of certain 
steroids present in the neutral fractions isolated on Day 9, by the technique 
of double dilution of Mayor and Collins (9) which consisted of taking two 
equal aliquots (30 per cent each) of the total neutral fraction. To Aliquot 
A, several crystalline steroids (carriers) were added in 50 mg. amounts; 
to Aliquot B, the same steroids were added in 100 mg. amounts. The two 
portions A and B were then separately subjected to the fractionation 
procedures described above. All four neutral steroid fractions were 
chromatographed on silica gel. Characterization and purification of the 
carrier steroids were carried out in the conventional ways. Among the 
compounds isolated by means of the carrier technique, and which were 
found to be radioactive, were allopregnane-3@ ,208-diol and allopregnane- 
3,20-dione. Two were isolated by means of the carrier technique and 
were devoid of radioactivity; these were pregnane-3a,20a-diol and _ preg- 
nane-3 ,20-dione. Isolated in the course of this study without added 
carriers were 36-hydroxyallopregnan-20-one, whose specific activity is 
given in Table IJ, and allopregnane-36,20a-diol (8). The latter was 
found as a companion (slower) to its 206-hydroxy epimer and was separated 
from it by chromatography in bulk on filter paper (methyl cyclohexane- 
propylene glycol system, 72 hours). Characterization was afforded by 
melting point and infrared absorption spectra of the free steroid and of 
its diacetate. The findings of this study are summarized in Table III. 
Tor several reasons, mainly the low intrinsic radioactivity of the steroids 
of Day 9 (Fig. 1), the estimates of quantity and specific activity which 
ure possible by this dilution method are considered unreliable (9). 


DISCUSSION 


The active incorporation of acetate-1-C'™ into the general metabolism 
of the mare in this experiment is reflected in the total radioactivity of the 
urine collected on Day 4 (in the 24 hours after the last acetate-C™ ad- 
ministration (lig. 1), which was 246 ¢.p.m., of which 8.7 X 10° 
c.p.m. were extractable by toluene. Only 47 per cent of the toluene- 
soluble radioactivity was found in the neutral fraction, the remainder 
consisting of acidic, strongly phenolic, and weakly phenolic substances. 
A significant finding noted by the McGill group was that, despite this 
broad chemical distribution of radioactivity, the urinary benzoic acid 
(from hippuric acid) was devoid of radioactivity (2). . 

Of the neutral urinary steroids found to be radioactive (Tables II and 
III), all appear to be direct metabolites of progesterone (10). The isola- 
tion in the earrier-dilution experiment of pregnane-3 ,20-dione and_ preg- 
nane-3a,20a-diol devoid of radioactivity strongly suggests that these 
compounds occur in very small quantity in the urine of the pregnant mare, 
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if they occur at all (8, 11, 12). The compounds which were found to be 
radioactive, all allopregnane derivatives, suggest that in the mare the 
catabolic pathway (saturation) of progesterone to urinary steroids is 
directed primarily toward the allopregnane (5a) orientation rather than 
toward the pregnane (58) series of derivatives (10). The very low specific 
activity of allopregnane-3,20-dione (Table III) in the carrier-dilution 
experiment points to a low urinary concentration of this compound; this 
is in agreement with established data (11) and is in keeping with the concept 
of the rapid reduction of 3-ketosteroids in the mammalian organism to 
3-hydroxysteroids (10). The specific activity of allopregnane-32 , 16a ,206- 
triol from Day +4 (3) is almost identical to that of the allopregnanolone 


TaBLE III 
Additional Steroids Studied in Urine of Pregnant Mare 
Compound M.p. Identification 

Allopregnane-38, 16a,208-triol*....| 4 Direct 1232 
Allopregnane-38, 20a-diol......... 9 207-212°| Infrared 233 
Allopregnane-36, 208-diol......... 9 Carriert 165 
Allopregnane-3,20-dione.......... 9 45 
Pregnane-3,20-dione.............. 9 0 
9 0 


* Data from Bolker et al. (3). 
t See the text for details of carrier-dilution experiment. 


isolated from the same urine and suggests that the 16-hydroxysteroid 
is derived from an intermediate which is common to both steroids and which 
most likely is progesterone. 

The most important result in this study is perhaps the consequence 
of the simultaneous evaluation of the incorporation of acetate-1-C™ into 
ullopregnanolone (and by inference progesterone) and estrone. The 
data of Fig. 1 reveal the parallel between the millimolar activities in samples 
of estrone and allopregnanolone isolated from the same daily urines. When 
plotted in sequence of their relationship to the C'‘-acetate administration, 
it becomes clear that acetate incorporation into the two steroids proceeds 
rapidly and in a parallel fashion. In spite of the unfortunate combining 
of the samples of Days 5 and 6, the two curves appear to peak at the same 
time, diminishing within 24 hours after the last acetate administration. 
Therefore both estrone and progesterone may be considered to be syn- 
thesized from acetate in the pregnant mare at similar rates. In contrast 
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to this is the slow rate of incorporation of acetate into the whole blood 
cholesterol (Fig. 1), which emphasizes the apparently minor participation 
of the circulating portion of body cholesterol in the steroid hormone syn- 
thesis in the mare (13, 14). 

The resemblance of the two curves in Fig. 1 raises several speculative 
points regarding the likely biosynthetic pathways of the two hormones 
and their relationship to each other. Several theses on the origins of the 
estrogens, some already outlined (2, 15), may be considered, which resolve 
themselves into considerations of the origins of the aromatic ring A of 
the estrogens, and of rings A and B of the ring B-unsaturated estrogens, 
equilin, and equilenin. Two major routes may be envisioned for the 
aromatic steroids. The first consideration is that progesterone and estrogen 
both lie on the same metabolic pathway (15) and that both hormones may 
well be anabolized simultaneously from acetate via the already well docu- 
mented pathway: acetate — cholesterol — progesterone — 17a-hydroxy- 
progesterone — androgen (testosterone) — estrogen. The alternative 
pathway (2) to the estrogens would have the aromatic ring or rings arise 
from non-acetate sources (likely the diet), in which case, in an acetate-1-C" 
incorporation experiment, rings A and B would be devoid of C' and the 
radioactivity of the aromatic steroids would be confined to the carbon 
positions of rings C and D (Fig. 2). 

Existing data on the biosynthesis of estrogens, until quite recently, 
have been limited to their formation from acetate (1, 16, 17), testosterone 
(14, 18, 19), and 19-hydroxy-4-androstene-3,17-dione (20). Only at 
this time of writing has evidence been advanced for the conversion into 
estrogen of cholesterol-C™ administered to a pregnant woman (21). The 
evidence therefore favors the first of the two pathways under consideration. 
The similarity of the isotope concentrations in progesterone and estrone 
shown in the present study also suggests that the two substances have much 
of their biosynthetic pattern in common. The presumption that both 
are built along the pattern of the synthesis of cholesterol provides a means 
of testing the theory proposed above. From the data of this study it 
has been possible to make a calculation of the number of C'4-labeled carbon 
positions in the 2 molecules, which is based on the following assumptions: 
(a) all C-labeled positions are derived from the same C™ pool (from 
acetate, Cs, Cio, or Cao units); (b) all such positions contain equivalent 
amounts of C' isotope (as in cholesterol synthesized from carboxyl- 
labeled acetate (22)); (c) both estrone and progesterone, if derived from 
common precursors such as those of cholesterol (if not from cholesterol 
itself), will have similar positional distribution of the labeled positions as 
the C2; sterol (23). On these assumptions, the molecule of progesterone 
and that of estrone should contain ten and nine labeled positions, respec- 
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tively (Fig. 2). From the millimolar activity of each daily sample of al- 
lopregnanolone (Table II, Column B) it is then possible to calculate for 
each day the average isotope concentration per carbon position of the Ca 
skeleton (Column C). The number of labeled positions of stmzlar isotope 
concentration in estrone (Cs) (isolated the same day) is then readily 
obtained by division of the molar activity of estrone by the activity per 
labeled carbon position, as calculated in Column C, Table II. The values 
for each day are given in Column E, Table II, and show that the average 


POSSIBLE ORIGINS OF RING STRUCTURE OF ESTROGENS 


NO 


Wo estRONE 


9 
ACETATE 
CQUILIN 
UNKNOWN +CpUNIT 
WO CQUILENIN 


Fic. 2. Likely distribution and number of isotopically labeled carbon positions 
in urinary steroids derived from acetate-1-C™ in pregnant mare. Carbon originat- 
ing from carboxyl of acetate shown as O, based on Cornforth ef al (22). 


number of labeled positions in the estrone molecule lies between 8 and 9. 
The disconcerting variation, from 6.7 to 10.7 in the values for the individual 
days, is considered due to cumulative errors in specific activity determina- 
tions. Since there is no trend to these values over the 10 day period, the 
mean value of 8.5 + 0.6 may be considered acceptable. This value ap- 
proximates the theoretical value of 9 and therefore sustains the thesis 
that estrone could indeed be derived from the same source as progesterone, 
and that the C™ distribution in the estrone molecule carbon skeleton cor- 
responds numerically to the number of labeled positions predictable from 
the isotope distribution in cholesterol (23). Final convincing evidence 
for this point must await a carbon-by-carbon degradation of estrone derived 
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from carboxyl-labeled acetate (cf. the review of biosynthetic origins of 
aromatic rings (24)). 

In considering the second of the possible origins of the aromatic steroids, 
wherein only rings C and D of the molecule would be synthesized from 
acetate, the total number of labeled carbon positions would be considerably 
less than if the entire molecule were to arise from acetate. In consequence, 
the specific activity of the aromatic steroids should be considerably less 
than that of progesterone, all four of whose rings, as it is presumed, arise 
entirely from acetate. This is indeed the case for equilin and equilenin 
isolated in this study (1) whose specific activities were 308 and 328 c.p.m. 
per mg., respectively (Table IV), in contrast to a calculated mean for al- 


TABLE IV 
Number of Labeled Carbon Positions in Estrogen Molecules 
Calculated ber of 
| 
mmole 
Calculated} Actual* Calculated; Actual* 
Allopregnanolone................. T5AT 238,000T | 10.0tt 
Ch bus 740T 641 173 ,000 8.5tf | 7.3 


* As isolated from a pool of strong phenolic extracts of urines from Days 1 to 10 
(1, 2). 

t Calculated from Table II; average of samples from Days 1 to 10. 

t Based on assumption of ten C'!-labeled positions of 23,800 ¢.p.m. per C' posi- 
tion in Ca molecule. 

§ These values, when adjusted for the difference in values of estrone (8.5 and 7.3), 
become 4.1 and 4.3, respectively. 


lopregnanolone of 754 ¢.p.m. per mg. Not so, however, for estrone, whose 
specific activity when isolated simultaneously with equilin and equilenin 
was 641 ¢.p.m. per mg. It must be emphasized that the isotope concentra- 
tion in the latter two compounds has been measured in single samples 
derived from the pooled strong phenolic fraction of the urines of Days 
1 to 10 (2), which precludes a comparison of their rates of synthesis from 
acetate with that of estrone. Consequently such factors as total body 
pools and turnover rates of the two types of estrogens raise a variety of 
alternative considerations. Until these points are clarified and the obvious 
chemical degradation studies carried out, the exact nature of the differ- 
ence in anabolism of these compounds must remain in the realm of specula- 
tion. Nonetheless, a significant divergence of pathways between the ring 
B-unsaturated estrogens on the one hand and estrone on the other emerges 
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from this study. This is entirely in accord with the data already estab- 
lished in the mare that, in the conversion of C'-testosterone to C'4-estrone 
(14), no formation of equilin or equilenin was observed. Neither are these 
two steroids formed from estrone (2, 3). 


SUMMARY 


The rate of incorporation of acetate-1-C", given to a pregnant mare, 
into urinary estrogens and metabolites of progesterone has been studied. 
The pattern of rise and fall of isotope concentration, determined daily on 
samples of estrone and allopregnanolone, was parallel and of the same order. 
Calculations of the number of isotopically labeled positions, based on the 
known distribution of carboxy] carbon of acetate, suggest that progesterone 
(represented by allopregnanolone) contains ten such labeled positions 
and estrone contains nine labeled positions. These findings agree with 
the concept that both progesterone and estrone are derived from acetate 
by a similar pathway, very likely by way of precursors closely related to 
cholesterol, if not cholesterol itself. Equilin and equilenin, isolated from 
the same urines, have similar isotope concentrations which are lower 
than those of estrone and which suggest that these ring B-unsaturated 
estrogens are derived from acetate by a pathway different from that of 
progesterone and estrone. 

Radioactive compounds isolated from the urine in addition to 36- 
hydroxyallopregnan-20-one were allopregnane-36 ,20a-diol, allopregnane- 
38 ,208-diol, and allopregnane-3, 16a ,206-triol; allopregnane-3 ,20-dione 
contained a trace of radioactivity when isolated by carrier dilution. Preg- 
nane-3a ,20a-diol and pregnane-3 ,20-dione were found to be absent, sug- 
gesting that the major pathway of progesterone catabolism in the mare 
is directed primarily toward the allopregnane (5a orientation) series of 
derivatives. 
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SYNTHESIS OF INTRACELLULAR PEPTIDES 
IN TORULA UTILIS* 


By I. ROSABELLE McMANUSf{ 


(From the Radioisotope Service, Veterans Administration Hospital, West Haven, 
Connecticut, and the Department of Biochemistry, Yale University, New Haven, 
Connecticut) 


(Received for publication November 14, 1957) 


In current discussions of the possible mechanisms of protein synthesis, 
(1-4), two views have occupied a prominent place: (1) Amino acids are 
condensed into polypeptides which serve as the immediate precursors of 
the protein molecule, and (2) amino acids are linked to a template molecule 
and condensed to form a complete protein without the necessary appearance 
of peptide intermediates. The first mechanism implies the formation of 
free peptide intermediates and has received support from studies of the 
relative specific activity of given amino acids in different loci along the 
peptide chain of a protein synthesized in vitro (5-8). Peters (9) has 
presented kinetic data on the utilization of CO, and glycine-1-C" for 
the synthesis of serum albumin in vitro, which are consistent with the 
formation of intermediate compounds. 

That bound amino acids, presumably peptide in character, are present in 
yeasts and some bacteria is supported by a variety of observations (10). 
Recently, Turba and Esser (11) have reported the occurrence of a number 
of peptides in Torula utilis and showed that, after brief exposure of the 
yeast to acetate-1-C™, the time relationships of the distribution of activity 
in the free amino acids and peptides supported the view that peptides were 
immediate protein precursors. The complexity of the intracellular nitrog- 
enous material is emphasized by their report that at least forty-two 
peptides may be separated from this material. Similarly, metabolically 
active intracellular peptides have been isolated from log-phase cultures of 
Pseudomonas hydrophila (12). On the other hand, in studies on the 
incorporation of amino acids into protein by growing Escherichia coli over 
short periods of time (13), peptides were not found in the trichloroacetic 
acid-soluble fraction of the bacteria. 

The present paper describes the results obtained in an investigation of 
the amino acids and peptides of growing 7. ulilis after brief exposure to 
acetate-1-C'4, These results confirm those reported by Turba and Esser 


* This work was supported by a grant from the Rockefeller Foundation. 
t Present address, Department of Biochemistry and Nutrition, Graduate School of 
Public Health, University of Pittsburgh, Pittsburgh 13, Pennsylvania. 
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(11) and present further evidence for the rapid synthesis of intracellular 
peptides derived from free amino acids, with an apparently negligible con- 
tribution from preformed protein. The present work has not attempted 
to characterize or separate the total yeast peptides, but has concentrated 
on establishing the relationship of an amino acid, derived presumably 
from a peptide, to its free intracellular counterpart. 


EXPERIMENTAL 


T. utilis were cultivated, with vigorous aeration at 25°, on a synthetic 
medium of the following composition: sucrose 50 gm.; NH,Cl 5 gm.; 
KCl 0.8 gm.; MgSO, 0.5 gm.; CaCl, 0.28 gm.; KH2PO, 2 gm. per liter, 
maintained at pH 6 by adding 3 Nn KOH as required. The growth rate of 
the yeast was determined by centrifuging 10 ml. of the yeast suspension 
under standard conditions and measuring the change in packed cell volume. 
The yeast volume approximately doubled every 3 hours. The average 
yield (wet weight) of yeast per liter of medium after a 24 hour growth 
period was 30 gm. 

After 24 hours, a portion of yeast suspension (800 ml. to 3 liters) was 
transferred to a 3 liter cylindrical flask fitted at the bottom with a 24/40 
joint into which a male 24/40 joint attached to a rod could be inserted. 
This arrangement permitted rapid discharge of the yeast suspension from 
this cylinder under controlled conditions. Acetate-1-C'™ (Isotope Special- 
ties Company), in about 10 ml. of water, was introduced into the yeast 
suspension and the suspension was stirred vigorously for 10 seconds. 
Thereafter, at intervals, samples of the yeast suspension were released 
through the ground glass opening into 3 volumes of hot ethanol. 

The ethanol-yeast suspensions were shaken for 24 hours and centrifuged 
at 3000 r.p.m., and the residue was reextracted with 75 per cent ethanol. 
The ethanol extracts were pooled and concentrated in vacuo in preparation 
for electrophoretic and chromatographic fractionation procedures. Assay 
for total nitrogen by micro-Kjeldahl determination indicated that 15.5 
mg. of nitrogen had been extracted from 10.0 gm. of wet cells in the first 
extraction, 7.6 mg. in the second extraction, and less than 1.0 mg. ina 
third extraction. Protein was obtained from the ethanol-insoluble residue 
by the method of Csonka (14). The protein precipitate was collected by 
centrifugation, washed with 50 per cent acetone, and then ether-acetone, 
and dried in vacuo over H2SO,. The dried protein was assayed for C" 
by plating 10 mg. from methanol or by burning an aliquot to CO» (15) and 
plating as barium carbonate. 

After the ethanol-soluble fractions had been concentrated to a volume 
of 20 to 25 ml., samples (1 to 3 ml.) were removed and subjected to zone 
paper electrophoresis (16), Whatman No. 3 or No. 3MM paper being used, 
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46 cm. long by 30 cm. wide, in 0.1 M ammonium acetate buffer, pH 5.9. 
After 6 hours at 350 volts and 0.1 ampere per cm., a 0.5 cm. strip was cut 
from the paper and sprayed with 0.2 per cent ninhydrin in n-butanol, 
followed in some cases by reaction with chlorine and then by spraying with 
a solution of KI and starch (17). In this manner the ethanol-soluble 
fraction was separated into nitrogenous neutral, acidic, and basic subfrac- 
tions; these were assayed for C4 by eluting the bands and by concentrating, 
plating, and counting as infinitely thin samples in a windowless gas flow 
counter. 

The acidic and neutral subfractions were further studied by subjecting 
them, before and after acid hydrolysis, to one-dimensional chromatography 
in butanol-acetic acid-water (4:1:1), in phenol-water and pyridine-water 
(65:35), and to two-dimensional paper chromatography in methanol- 
water-pyridine (20:5:1) and _ tert-butanol-methylethylketone-ammonia- 
water(10:10:3:5) (18). In one large seale run, the acidic subfraction was 
fractionated by chromatography on Dowex 50 X-4 (Nat form) columns 
which were eluted with 0.2 m citrate buffers (19). The ninhydrin-reactive 
areas were pooled as indicated by the chromatographic patterns, concen- 
trated, and desalted (20). The areas were then investigated for the pres- 
ence of bound amino acids by two-dimensional paper chromatography 
before and after acid hydrolysis. 


Results 


In Fig. 1 are given the results of an experiment in which 200 ue. of 
CH,C“OOH were added to 1.5 liters of yeast suspension and 300 ml. 
aliquots were withdrawn.after 30 seconds and 3, 10, 30, and 150 minutes. 
The uptake of C" into the ethanol-soluble constituents is rapid during the 
first 30 minutes, whereas radioactivity in the yeast protein is apparent 
only after 10 minutes and is not marked until 30 minutes. The rate of 
incorporation of labeled carbon into yeast protein appears to be somewhat 
slower than that observed by Turba and Esser (11), but in general the 
pattern is similar. 

Zone electrophoresis of the ethanol-soluble extracts yielded three main 
ninhydrin-reactive bands consisting of neutral, acid, and basic constituents. 
In essential agreement with the findings of Turba and Esser (11), the acidic 
and neutral fractions were radioactive within a half minute after exposure to 
acetate-1-C', and the radioactivity increased rapidly over a 30 minute 
period. In contrast, the basic fraction was not measurably radioactive 
until 10 minutes after exposure to labeled acetate. This basic fraction 
Was not investigated further, and all subsequent work was confined to the 
material found in the acidic and neutral fractions, with emphasis here on 
the composition and distribution of radioactivity in the acidic fraction. 
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780 PEPTIDE SYNTHESIS IN TORULA UTILIS 
Table I presents the paper chromatographic patterns in butanol-acetic ’ 
acid-water (4:1:1), as indicated by R,, obtained before and after hydrolysis ; 
of the acidic fraction, together with the total radioactivity of the compo- ' 
nents at 10, 30, and 150 minutes, expressed as counts per minute per ml. of 
” ( 
+5 
Oo 
O4} ( 
a ALCOHOL SOLWBLE 
Ww 
( 
sir PROTEIN 
(X10) | 
44 l 
©) 10 30 
MINUTES r 
Fic. 1. Rate of incorporation of acetate-1-C™ into whole ethanol-soluble extract a 
and protein of growing 7’. utilis. Uptake of C"™ is expressed in terms of the percent- t 
age of added C™ per 10 gm. of fresh yeast. r 
l 
TABLE I t 
Distribution of C™ from Paper Chromatograms of Ninhydrin-Positive, Acidic . 
Constituents of Ethanol-Soluble Fractions of 1’. utilis before and 
after Acid Hydrolysis 
Distribution of C™ 
Treatment of acidic Ninhydrin- 
fraction positive areas* Q 
3 min. 10 min. 30 min. 150 min. f 
Rr c.p.m. per ml. | c.p.m. per ml. | c.p.m. per ml. | c.p.m. per ml. i 
extractt extract extract extract 
Unhydrolyzed 0.11 27 958 2160 Dn 
0.18 177 8740f 6176 
0.25 394 8690 is 
Hydrolyzed in 6 N 0.2 102 927 4119 3116 ‘1 
HCl, 18 hrs. at 0.3 20 39 102 882 ? 
110° 0.48 92 532 2408 8585 
0.58 242 116 615 1726 1 
0.72 218 291 1430 2808 g 
* Ninhydrin-positive ethanol-soluble material obtained from anode after zone - 
electrophoresis at pH 5.9 in 0.1 M ammonium acetate buffer, and chromatography 
on Whatman No. 3 paper in butanol-acetic acid-water (4:1:1). a 
t Ethanol-soluble extract of 7’. utilis concentrated to a constant volume. tl 
t Band was spread; no clear break permitting separation into two constituents. 5 
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the original ethanol-soluble extract. It is apparent that hydrolysis of the 
acidic fraction results in the appearance of new ninhydrin-positive material 
which is here discernible as faster moving constituents with R, values 
between 0.48 and 0.72. The intensity of color of these faster moving 
compounds after spraying with ninhydrin was considerably less than that 
of the slower components, and semiquantitative observations indicated 
at least a 10-fold difference in concentration between the two groups. As 
will be seen from Table I, there is a significant alteration in the distribution 
of radioactivity in the components after hydrolysis. 

Most striking is the change in activity in material with an PR, of 0.25. 
Before hydrolysis, this band had 8690 c.p.m. After hydrolysis, material 
moving in about this same area (Ry = 0.3) had only 882 ¢.p.m. How- 
ever, now the material which appeared upon acid hydrolysis with an R, of 
0.48 has 8585 ¢.p.m. and material with an R, of 0.72 has 2808 ¢.p.m. 
This essential pattern obtained at all times studied. Although the abso- 
lute figures are of little significance, since they simply reflect the extent of 
utilization of acetate-1-C"™ for synthesis of amino acids, the change in 
radioactivity indicates that radioactive material is lost or altered in these 
areas as a result of acid hydrolysis. Of particular interest is the fact that 
the ninhydrin-positive material which appears after acid hydrolysis is 
radioactive, even in samples which have been exposed to acetate-1-C"™ for 
10 minutes or less. Thus, these preliminary findings are consistent with 
the presence, in the ethanol-soluble fractions, of bound amino acids which 
are liberated by acid hydrolysis and which have incorporated radioactivity 
at a rate comparable to that of the free amino acids. 

Observations were made on the identity and specific radioactivity of the 
faster moving components which appeared after hydrolysis, particularly the 
area consistently showing an FR, of 0.70 to 0.72. This was chosen for | 
further study since it was not present before hydrolysis, and therefore 
it must have been associated with slower moving ninhydrin-positive 
material or was linked with another component which made it unreactive 
with ninhydrin before hydrolysis. It was identified as either leucine or 
isoleucine, or a mixture of the two. Chromatography in phenol-H.O and 
in benzyl aleohol-n-butanol (1:1), buffered at pH 8.4 (21), gave Rr values 
which supported this conclusion, but did not further resolve the material. 
This constituent will be referred to as ‘‘leucine” with no attempt to distin- 
guish between isoleucine and leucine. 

Table II presents a comparison of the specific radioactivity of this 
‘‘leucine,”” which we shall consider as arising from peptide material having 
acidic properties, with the specific radioactivity of ‘‘leucine” isolated from 
the ethanol-soluble neutral compounds after zone electrophoresis at pH 
5.9. Comparison of the specific radioactivity of material obtained after 
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exposure of the yeast to labeled acetate for 10 and for 30 minutes shows 
that the specific radioactivity of the free “leucine” from the neutral frac- 
tion is close to that of the “leucine” derived from the acidic peptide fraction. 
Both specific activities have risen markedly during the 30 minute period. 
In contrast, ‘‘leucine”’ isolated from the yeast protein hydrolysate has a 
much lower specific activity, the difference being more striking after 30 
minutes. Thus, from these figures, it appears unlikely that a fraction 
derived from protein has contributed significantly to the ‘‘leucine”’ derived 
from peptide. The close agreement between the specific radioactivity of 
the free amino acid and the amino acid derived from peptide is consistent 
with the de novo synthesis of the latter from the free amino acid pool. 


TABLE II 


Specific Radioactivity of ‘Leucine’? Obtained from T. utilis after Short Exposure 
to Acetate-1-C'4 


C in “‘leucine’”’ derived from 
Time 
Free amino acids* Peptide fractiont Proteint 
min prey per mg C.p.m. per mg. c.p.m. per mg. 
10 71 64 25 
30 17, 200 17, 500 436 


* Obtained by paper chromatographic isolation of amino acids from neutral 
fraction of ethanol-soluble extract after zone electrophoresis at pH 5.9 in 0.1 m 
ammonium acetate. 

t Obtained by paper chromatography of acid hydrolysate of acidic material 
derived from zone electrophoresis of ethanol-soluble extract at pH 5.9 in 0.1 mM am- 
monium acetate. 

t Isolated by paper chromatography of acid hydrolysate of yeast protein. 


However, these results cannot exclude the alternative possibility that the 
peptide “leucine” is derived from material in equilibrium with a small 
amount of newly synthesized protein which is metabolically more reactive 
than the bulk of the yeast protein, and so could make the main contribution 
to the composition of the peptide fraction. 

It was obvious that the ninhydrin-positive material of the acidic fraction 
represented a complex, unresolved mixture. In an effort to learn more 
about the nature and complexity of this acidic material, a large scale ex- 
periment was performed in which 4 liters of yeast suspension were exposed 
to acetate-1-C" for 20 minutes. This was treated as described previously 
and the acidic fraction obtained by zone electrophoresis was fractionated 
on Dowex 50 columns. The patterns obtained are shown in Fig. 2. The 
effluent volumes between 84 and 106 ml., 106 and 128 ml., and 128 and 142 
ml., corresponding to the areas labeled 1, 2, and 3, were pooled and desalted. 
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Unhydrolyzed and hydrolyzed samples of each of these pooled fractions 
were subjected to two-dimensional paper chromatography (18). Before 
hydrolysis, the effluent indicated by Area 1 consisted of aspartic acid and 
a small amount of material corresponding to glutamic acid. A third faint 
spot which moved faster than glutamic acid in the methanol-pyridine-water 
system was also apparent. After hydrolysis, this spot disappeared and 
glycine appeared, as well as two other spots which corresponded to alanine 
and phenylalanine. 

The effluent band corresponding to Area 2 yielded a strong spot which 
moved as glutamic acid. After hydrolysis, glutamic acid was still present, 
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Kia. 2. Pattern obtained from chromatography of ethanol-soluble, acidic nitrog- 


~ enous constituents on Dowex 50, X-4 cross linkage, Nat form. Column dimensions, 


1.5 X 50 ecm. 


but now spots corresponding to glycine, alanine, and “leucine” appeared. 
The effluent volume described by Area 3 presented a similar chromato- 
graphic pattern before and after hydrolysis. Thus, it appears that the 
acidic fraction consists in large part of aspartic acid, glutamic acid, and 
glutathione, glutathione being indicated by the appearance of glycine 
after hydrolysis. However, in addition to glycine, two-dimensional chro- 
matography of the fractions shows that “leucine,” phenylalanine, and ala- 
nine are also liberated by hydrolysis. 

These results thus are consistent with the presence of peptides in addi- 
tion to glutathione in the acidic nitrogenous fractions of ethanol-soluble 
T. utilis extract, in agreement with the conclusions of Turba and Esser 
(11). The finding that this peptide material is significantly radioactive 
in a short period after exposure of the yeast to labeled acetate, and that at 
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least one of its constituents attains a specific radioactivity similar to that 
of its free amino acid counterpart under these conditions, supports the view 
that this peptide fraction is derived from intracellular free amino acids and 
represents a metabolically active fraction. Its metabolic relationship to 
the synthesis of protein by growing 7’. utilis awaits further investigation. 


SUMMARY 


Growing Torula utilis were exposed to acetate-1-C" for 30 seconds and 
3, 10, and 150 minutes, and then fractionated into ethanol-soluble extracts 
and protein. The ethanol-soluble material was subfractionated into nitrog- 
enous acidic, neutral, and basic constituents by paper electrophoresis at 
pH 5.9. The acidic and neutral fractions were radioactive in less than 3 
minutes, in contrast to the basic components and the protein, which ac- 
quired measurable activity within 30 minutes. 

Evidence is presented for the existence of “‘leucine’’-containing acidic 
peptide material from the ethanol-soluble acidic fraction. ‘‘Leucine” 
isolated from this fraction after acid hydrolysis was found to have a specific 
radioactivity similar to that of the free intracellular ‘‘leucine” and much 
higher than that of the “leucine” derived from protein, suggesting a de novo 
synthesis of intracellular peptides from free amino acids. 


The author wishes to express her gratitude to Dr. Joseph S. Fruton for 
his excellent assistance and advice during the course of the work. It isa 
pleasure to thank Dr. Donald L. Buchanan for helpful discussion and criti- 
cism, and Mrs. Helen L. Davis for her technical assistance. 


BIBLIOGRAPHY 


1. Steinberg, D., Vaughan, M., and Anfinsen, C. B., Science, 124, 389 (1956). 
2. Fruton, J.S., in Rudnick, D., Aspects of synthesis and order in growth, Prince- 
ton, 15 (1955). 

3. Tarver, H., in Neurath, H., and Bailey, K., The proteins, New York, 2, pt. B, 
1199 (1954). 

. Borsook, H., Advances in Protein Chem., 8, 127 (1953). 

. Anfinsen, C. B., and Steinberg, D., J. Biol. Chem., 189, 739 (1951). 

. Steinberg, D., and Anfinsen, C. B., J. Biol. Chem., 199, 25 (1952). 

. Vaughan, M., and Anfinsen, C. B., J. Biol. Chem., 211, 367 (1954). 

. Flavin, M., and Anfinsen, C. B., J. Biol. Chem., 211, 375 (1954). 

. Peters, T., Jr., J. Biol. Chem., 200, 461 (1953). 

. Synge, R. L. M., The chemical structure of proteins, Boston, 43 (1953). 

. Turba, F., and Esser, H., Biochem. Z., 327, 93 (1956). 

. Connell, G. E., and Watson, R. W., Biochim. et biophys. acta, 24, 226 (1957). 

. Britten, R. J., Roberts, R. B., and French, E. F., Proc. Nat. Acad. Sc., 41, 863 
(1955). 

14. Csonka, F. A., J. Biol. Chem., 109, 703 (1935). 


If 
1 
2 
2 


I. R. MCMANUS 785 


. Van Slyke, D. D., and Folch, J., J. Biol. Chem., 136, 509 (1940). 

. Durrum, E. L., J. Coll. Sc., 6, 274 (1951). 

. Rydon, H. N., and Smith, P. W. G., Nature, 169, 922 (1952). 

. Redfield, R. A., Biochim. et biophys. acta, 10, 344 (1953). 

. Stein, W. H., and Moore, S., J. Biol. Chem., 192, 663 (1952). 

. Schroeder, W. A., Kay, L. M., LeGette, I., Honnen, L., and Green, F. C., J. Am. 


Chem. Soc., 76, 3556 (1954). 


. MeFarren, E. F., Anal. Chem., 23, 168 (1951). 


15 

16 

17 

18 

19 

20 

2 


ti 

p 

e 

1 

| 


INTERCONVERSIONS OF 16-OXYGENATED ESTROGENS 


I. THE SYNTHESIS OF ESTRIOL-16-C™ 
AND ITS METABOLISM IN MAN* 


By MORTIMER LEVITZ, JEAN R. SPITZER, ann GRAY H. TWOMBLY 


(From the Department of Obstetrics and Gynecology, New York University College 
of Medicine, New York, New York) 


(Received for publication, October 3, 1957) 


Estriol has long been considered to be the end product of estrogen me- 
tabolism in man. After administering estriol triacetate to a human sub- 
ject, Schiller and Pincus (2) found that by bioassay 57 per cent of the estriol 
could be recovered in the urine and that there was no increase in the ex- 
cretion of estrone or estradiol. 

In more recent years, four new urinary estrogens substituted in the 16 
position have been reported. These are 16-epiestriol I (3), 16a-hydroxy- 
estrone II (4), 16-ketoestrone III (5), and 16-ketoestradiol-178 IV (6). 


Ri (I), R, = Ro => OHB 
| Re 
(ID, Ri = = OHe 


(IV), Ri = 
(V), Ry = OHa 


HO 


The similarities in the structures of these substances to one another and 
to estriol V are obvious. 

In the present study, the metabolism of estriol was reinvestigated, with 
particular emphasis placed upon determining which of Compounds I 
through IV are metabolites. Estriol-16-C'* which had been synthesized 
by reducing 16-ketoestradiol-176-16-C™ (7) with sodium amalgam was 
given to two women. In addition to labeled estriol, significant amounts 
of radioactive 16-ketoestradiol-178 and 16-epiestriol were detected in the 
urine. 16a-Hydroxyestrone and 16-ketoestrone were not present in suffi- 
cient amounts to permit positive identification by the methods used. 


* This investigation was supported in part by a research grant from the National 
Cancer Institute (No. C-2071), United States Public Health Service, and from the 
American Cancer Society (Institutional Grant No. 61). A preliminary account of 
this work was presented at the Forty-eighth annual meeting of the American Society 
of Biological Chemists at Chicago, April, 1957 (1). 
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EXPERIMENTAL 


Synthesis of Estriol-16-C“—As described by Huffman and Lott (8), 
30 mg. of 16-ketoestradiol-178-16-C™ (7) were reduced with sodium amal- 
gam. The crude reaction product was partitioned between ether and 
water. The dried ether extract was chromatographed on 9 gm. of silica 
gel by using methanol in benzene as the eluent (9). The distribution of 
the radioactivity is shown in Fig. 1. The unchanged 16-ketoestradiol-17,- 
16-C'* was treated similarly. The estriol-16-C"“ fractions from the two 
columns were combined and rechromatographed on 30 gm. of silica gel to 
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Fic. 1. Chromatography on silica gel (9 gm.) of the products of reduction of 16- 
ketoestradiol-178-16-C'* with sodium amalgam. The numbers in arrows refer to the 
percentages of methanol in benzene, the eluting solvent. The major constituents 
of the zones are 16-ketoestradiol-178-16-C" I, 16-epiestriol-16-C"™ II, and estriol-16- 
C4 IIT. 


yield 12.7 mg. (4.5 ue. per mg.!), m.p. 275-280°.2. The ratio of estriol-16- 
C™ to 16-epiestriol-16-C™ was about 7:3. 

Radiochemical Purity of Estriol-16-C'\—A sample of the estriol-16-C™ 
(10,000 c.p.m.) which had been diluted with 15 y of carrier was chromato- 
graphed on paper for 2 days by using the solvent system chloroform- 
formamide (6). The Turnbull’s blue color test indicated that the estriol 
moved one-third the length of the paper. 1 cm. strips were cut and eluted 
with methanol. The eluates were evaporated on planchets and counted. 
One radioactive peak corresponding to estriol was found. The runoff 


1 The radioactivity on a tin-plated planchet was measured at infinite thinness in 
the Nuclear D-46A windowless gas flow counter. The specific activity was calculated 
after comparing the radioactivity with a sample of estradiol-178-16-C™ which had 
been assayed by Tracerlab, Inc. The counting efficiency at infinite thinness was 60 
per cent. 

2 Melting points were taken on uncalibrated Anschiitz thermometers in the Hersh- 
berg apparatus. 
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contained 47 ¢.p.m. (0.5 per cent). A similar result was obtained when 
another sample of the estriol-16-C'* was chromatographed for 7 days by 
using the benzene-formamide system. 

A mixture of 15 mg. of 16-epiestriol and 600,000 c.p.m. of estriol-16-C"™ 
was chromatographed on silica gel. The eluted 16-epiestriol was crystal- 
lized three times from ethanol, after which time the specific activity (6 
c.p.m. per mg.) was still decreasing. Thus the maximal contamination of 
estriol-16-C'* by 16-epiestriol-16-C' was 0.015 per cent. Similarly a mix- 
ture of 5 mg. of 16-ketoestradiol and 830,000 c.p.m. of the estriol-16-C™ 
was separated on silica gel. After two crystallizations from acetonitrile, 
the specific activity of the 16-ketoestradiol was 60 ¢.p.m. (it was still de- 
creasing). Thus the maximal contamination of estriol-16-C'™ by 16- 
ketoestradiol-178-16-C"™ was 0.04 per cent. 


TABLE I 


Excretion of Radioactivity in Urine after Intramuscular 
Injection of Estriol-16-C'4 in Women 


Excretiont 
Subject C.p.m. injected* 
ist day 2nd day 3rd day 
L 6.2 47 8 3 
Q 8.7 77 11 2 


* The estriol specific activity was 6.0 X 10° c.p.m. per mg. 
t The results are in per cent of injected activity. 


Metabolism Studies: Subjects and Injections—Two subjects, Subject L, 
50 years of age, and Subject Q, 40 years of age, each with fibroma of the 
uterus, received a measured single intramuscular dose of about 5 uc. of 
estriol-16-C in 2 ml. of propylene glycol. Urine was collected for three 
successive 24 hour periods with chloroform as preservative. The daily 
urinary excretion of the radioactivity is shown in Table I. 

Fractionation of Urine—The free estrogens were extracted with five 
200 ml. portions of peroxide-free ether. The urine was incubated with 
8-glucuronidase and extracted with ether for 48 hours as described by Beer 
and Gallagher (10). The ether receiver was changed twice daily. The 
combined ether extracts contained the glucuronide fraction. The pH of 
the urine was adjusted to 1 and extracted for 48 hours. This ether extract 
is designated as the sulfate fraction (11). 

Small aliquots of the glucuronide and sulfate fractions were extracted 
with three portions of 5 per cent sodium bicarbonate. After acidification 
and reextraction with ether, the magnitudes of the acidic fractions were 
determined. The distribution of the radioactivity is shown in Table II. 
The assays for radioactivity were performed as described previously (6). 


| ’ 
f 

| 

4 


790 METABOLISM OF ESTRIOL-16-c'4 


Fractionation of Metabolites: Column Chromatography—The free and 
glucuronide extracts from the first 2 day urines were combined and evapo- 
rated to dryness in a nitrogen atmosphere. The residue was chromato- 
graphed on silica gel by using benzene with increasing concentrations of 
methanol to elute the metabolites. The chromatographic pattern is shown 
in Fig. 2. In study of Subject Q, the contents of Tubes 5 to 9 were com- 
bined and distilled in vacuo to dryness. The residue was mixed with 3 mg. 
of 16-ketoestrone, dissolved in benzene, and placed on 9 gm. of silica gel. 
The estrogens were eluted with increasing concentrations of ethyl acetate 


TABLE II 


Fractionation of Urinary Radioactivity Excreted by 
Subjects L and Q, Receiving Estriol-16-C'4 


ist day 2nd day 3rd day 
Fraction 
L Q L Q I 

Glucuronide................. $2.4 72.0 77.5 77.0 66.4 

es 0.9 1.2 0.2 1.0 5.0 
Acidie glucuronide.......... 1.5 0.7 2.2 1.4 
0.2 0.3 0.5 0.4 


The results are in per cent of the daily urinary radioactivity. Free estrogens were 
extracted with ether directly from the urine. The glucuronide fraction was deter- 
mined after enzymatic hydrolysis and the sulfate fraction after continuous ether 
extraction at pH 1 for 48 hours. The residue remained unextracted by this pro- 
cedure. Acids were extracted from aliquots of these fractions with sodium bicar- 
bonate. 


as shown in Fig. 3. In study of Subject L, the latter separation on silica 
gel (ethyl acetate) was omitted. 

Paper Chromatography—The major zones of radioactivity in Figs. 2 
and 3 were chromatographed on paper with the appropriate parallel stand- 
ards. In each case, the solvent system was chloroform-formamide, but 
the running times were varied according to the mobilities of the metabolites. 
Estriol from Fig. 2, Zone III, was chromatographed for 3 days; 16-epiestriol 
(Fig. 2, Zone II) was chromatographed for 18 hours. Preliminary experi- 
ments indicated that 16-ketoestradiol-178 and 16a-hydroxyestrone were 
not separable on silica gel and that they possessed the mobility of the major 
zone of Fig. 3. This zone was applied on paper and developed for 18 hours. 
The chromatograms are shown in Figs. 4, 5, and 6, respectively. 


3’ The mobilities of the pure parallel standards were usually greater than the cor- 
responding urinary metabolites. 
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Reverse Isotope Dilution: Estriol—10 to 17 em. of Fig. 4 were eluted with 
methanol. Carrier estriol‘ was added. After the solvent was removed, the 
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Fic, 2. Chromatography on silica gel (25 gm.) of the combined ether extractable 
radioactivity before and after the urine (Subject Q) was incubated with 6-glucuroni- 
dase. 40 ml. fractions were collected in Tubes 1 to 10 and 25 ml. fractions in Tubes 
11to37. See Fig. 1 for solvent system and major constituents of the zones. Subject 
L gave a similar pattern. 
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TUBE NUMBER (20 mi. FRACTIONS) 

Fic. 3. Silica gel chromatography of the residue from Tubes 5 to 9, Fig. 2 (Sub- 
ject Q). The numbers in arrows refer to the percentages of ethyl acetate in benzene, 
the eluting solvent. Carrier 16-ketoestrone was detected by infrared in Tubes 8 and 
9. The main constituent of the major peak is 16-ketoestradiol-178. Negligible 
radioactivity was eluted when the column was finally washed with methanol. 


estriol was crystallized from 95 per cent ethanol to constant specific activ- 
ity. Estriol triacetate (12) was prepared and crystallized from ethanol- 


‘The authors are indebted to Parke, Davis and Company for generous gifts of 
estriol. 
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water to constant specific activity. The isotope data and the calculated 

values for the recovered estriol are shown in Table IIT. 
16-Epiestriol—The major radioactive zone (9 to 15 cm.) of Fig. 5 was 

eluted with methanol. 16-Epiestriol carrier was added. ‘The solvent was 
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10 20 30 
CENTIMETERS FROM ORIGIN 
Fia. 4. Paper chromatography of the urinary radioactive estriol fraction (Fig. 2, 
Zone III, Subject L). The solvent system was chloroform-formamide (3 days). 
The striped bar area shows estriol on a parallel strip. Turnbull’s blue is the color 
reagent. 


TABLE III 


Urinary Radioactive Estriol Excreted by Subjects Receiving Estriol-16-C'4 
As Determined by Reverse Isotope Dilution 


Subject Compound M.p. Specific activity —— 
°C, c.p.m. per mg. per cent 
L* Estriol 274-278 31,200 62 
triacetate 124-126 32, 000T 
Qt « 275-278 12, 250 52 
triacetate 124.5-127.5 10, 300T 


* 50 mg. of carrier, 0.93 aliquot. 
t Corrected to counts per minute per mg. of estriol. 
t 20 mg. of carrier, 0.07 aliquot. 


removed, and the residue was crystallized from 95 per cent ethanol to con- 
stant specific activity. ‘Two derivatives were prepared. The triacetate 
was crystallized from methanol and the 3-methyl ether from methanol- 
water (13). The data are summarized in Table IV. 
16-Ketoestradiol-178—19 to 30 cm. of Fig. 6 were eluted with methanol 
and analyzed for radioactive 16-ketoestradiol-178, as described previously 


(6). The data are presented in Table V. 
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16a-Hydroxyestrone—In study of Subject Q, the radioactive zone cor- 
responding to 16-ketoestradiol-178 was chromatographed on paper three 
times (6, 10, and 20 hours). Although 16-ketoestradiol-178 and 16a- 
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CENTIMETERS FROM ORIGIN 


Fic. 5. Paper chromatography of the urinary radioactive 16-epiestriol fraction 
(Fig. 2, Zone II, Subject L). The solvent system was chloroform-formamide (18 
hours). The striped bar area shows 16-epiestriol on a parallel strip. Turnbuli’s 
blue is the color reagent. 


TABLE IV 


Urinary Radioactive 16-Epiestriol Excreted by Subjects Receiving Estriol-16-C' 
As Determined by Reverse Isotope Dilution 


Subject Compound M.p Specific activity 
°C. C.p.m. per mg. per cent 

L* 16-Epiestriol 269-271 144 0.31 
Derivative, triacetate 153-155 122t 
as 3-methyl ether 141-142 124f 

Qt 16-Kpiestriol 268-271 740 0.51 
Derivative, triacetate 152.5-155 815t 
3-methy] ether 141-142 850T 


* 60 mg. of carrier, two-thirds aliquot. 
t Corrected to counts per minute per mg. of 16-epiestriol. 
t 50 mg. of carrier. 


hydroxyestrone are separable (Fig. 7), only one significant peak was ob- 
tained in each case. One-half of the radioactivity eluted from this zone 
was diluted with 15 mg. of 16a-hydroxyestrone.’ The mixture was treated 
with 0.1 ml. of acetic anhydride in 0.3 ml. of pyridine for 18 hours. The 
solvent was removed in a stream of nitrogen, and the residue was crystal- 


* We are indebted to Dr. D. K. Fukushima for supplying us with this compound. 
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lo 20 30 
CENTIMETERS FROM ORIGIN 
Fic. 6. Paper chromatography of the urinary radioactive 16-ketoestradiol-178 
fraction (Fig. 2, Zone I, Subject LL). The solvent system was chloroform-formamide 
(18 hours). The striped bar area shows 16-ketoestradiol-178 in a parallel strip. 
Turnbull’s blue is the color reagent. 


TABLE V 


Urinary Radioactive 16-Ketoestradiol-178 Excreted by Subjects Receiving 
Estriol-16-C' As Determined by Reverse Isotope Dilution 


Subject Compound M.p. Specific activity “a , 
~~. C.p.m. per mg. per cent 
L* | 16-Ketoestradiol 240-244 394 0.86 
Derivative, 3-benzoate 246-250 326T 
os 3-benzyl ether 203-206 379T 
oxime 228-230 393T 
Qt 16-Ketoestradiol 240-244 220 0.23 
Derivative, 3-benzoate 247-250 183Tf 
3-benzy! ether 202. 5-206 167f 


* 60 mg. of carrier, 0.8 aliquot. 
ft Corrected to counts per minute per mg. of 16-ketoestradiol-178. 
t 52 mg. of carrier, 0.5 aliquot. 


LA 


10 20 30 
CENTIMETERS FROM ORIGIN 
Fig. 7. The separation of 16a-hydroxyestrone (solid bar) and 16-ketoestradiol-178 
(striped bar) on paper. Same solvent system and color development as on Fig. 6. 
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lized five times from 95 per cent ethanol. After each crystallization, the 
specific activity of the product was determined. The data are shown in 
Table VI. 

16-Ketoestrone—Infrared analysis of the contents of Tubes 8 and 9 (Fig. 
3) revealed the presence of carrier 16-ketoestrone. An additional 40 mg. 
of carrier were added to the residue from Tubes 6 to 11. A constant value 
of 19 c.p.m. per mg. was obtained after three crystallizations from meth- 
anol-water. ‘This corresponded to 0.01 per cent of the injected counts. 
There was insufficient material for conversion to derivatives. 


TABLE VI 


Urinary Radioactive 16a-Hydrozyestrone Excreted by Subject Q Receiving 
Estriol-16-C'4 As Determined by Reverse Isotope Dilution 


Crystallization 


(st 2nd 3rd 4th 5th 


C.p.m. per mg. 


l6a-Hydroxyestrone*........ 161 75 54 62 59 


* 15 mg. of 16a-hydroxyestrone carrier were added to 11,500 c.p.m. eluted from the 
16-ketoestradiol-178 zone of Fig. 6. Since the average of the last three erystalliza- 
tions was 58 c.p.m. per mg., a maximum of 7.5 per cent of the radioactivity in the 
16-ketoestradiol zone was attributable to 16a-hydroxyestrone. This corresponds to 
0.02 per cent of the injected radioactivity. Assays were performed on the diacetate 
(m.p. 175-176.5°) but the values were corrected to c.p.m. per mg. of 16a-hydroxy- 
estrone. 


DISCUSSION 


The data presented confirm the finding of Schiller and Pincus (2) that 
about 50 per cent of the estriol given to a human subject is excreted in the 
urine. Estriol is excreted almost entirely as the glucuronide. The acid 
fraction (Table II) is relatively small. It has been postulated that acidic 
products of estradiol metabolism arise from ring D cleavage. Apparently 
estriol is not an efficient precursor for these as yet unidentified acids. 

The concept that estriol is the end product of estrogen metabolism re- 
quires modification. It has been demonstrated here that 16-epiestriol 
and 16-ketoestradiol-178 are produced from estriol in small but significant 
amounts. Although the a-ketol moiety at positions 16 and 17 is unstable 
and prone to rearrangement, it is unlikely that the 16-ketoestradiol-17@ 
found in these studies was artifactually produced. The conditions of high 
temperature or high alkalinity which effect the rearrangement of 16a-hy- 
droxyestrone to 16-ketoestradiol-178 (4, 14), and acidity which presumably 
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would cause 168-hydroxyestrone to rearrange to 16-ketoestradiol-178 (15), 
were carefully avoided in these procedures. 

The trace amounts of 16a-hydroxyestrone and 16-ketoestrone reported 
represent maximal values. The radioactivity in these fractions was in- 
sufficient to permit the use of the rigorous standards of radiochemical purity 
applied to the other metabolites. The high ratio of 16-ketoestradiol-17£ 
to 16a-hydroxyestrone obtained in the present study is the reverse of that 
found endogenously in pregnancy urine (4). This suggests that 16a- 
hydroxyestrone is produced by a pathway not involving estriol, perhaps 
by the direct hydroxylation of estrone in the 16a position. 

A major pathway for the formation of 16-epiestriol, indicated by these 
results, is the oxidation of estriol in the 16 position to 16-ketoestradiol-17£, 
which is subsequently reduced to 16-epiestriol. These three substances 
interconvert in vivo. A woman who received 16-ketoestradiol-176-16-C" 
excreted radioactive 16-epiestriol® in addition to the previously reported 
estriol (6, 16). When 16-epiestriol-16-C'* was administered, radioactive 
16-ketoestradiol-178 and estriol were detected in the urine.® Stimmel (17) 
also observed higher levels of estriol excreted from men who received 16- 
epiestriol. Conceivably, 16-epiestriol could be formed by the hydroxyla- 
tion of estradiol-178 in the 168 position. However, in the few reports of 
the biological oxidations in vitro of steroids at the 16 position, only the 16a- 
hydroxy compounds were isolated (18-20). 


SUMMARY 
The reduction of 16-ketoestradiol-178-16-C™“ with sodium amalgam 


yielded estriol-16-C and 16-epiestriol-16-C™ in a ratio of 7:3. KEstriol- | 
16-C™ was given intramuscularly to two women. About 50 per cent of the | 


labeled estriol was detected in the urine almost entirely as the glucuronide. 
Small but significant amounts of radioactive 16-ketoestradiol-176 and 16- 
epiestriol were also detected. Less than 0.02 per cent of the estriol-16-C" 
was converted to 16a-hydroxyestrone and less than 0.01 per cent to 16- 
ketoestrone. 
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THE BIOGENESIS OF ALKALOIDS 
XX. THE INDUCED BIOGENESIS OF STACHYDRINE* 


By GERHARD WIEHLER{ ann LEO MARION 


(From the Division of Pure Chemistry, National Research Council, Ottawa, Canada) 


(Received for publication, November 25, 1957) 


In a study of the role of ornithine in the biogenesis of stachydrine, Leete, 
Marion, and Spenser (1) administered ornithine-2-C"™ to alfalfa seedlings 
(Medicago sativa LL. Grimm) but found that the stachydrine isolated from 
these plants was not radioactive. Morgan and Marion (2) have since 
confirmed this result and shown that the proline in the plant was not 
active either, although glutamic acid, aspartic acid, and glycine were. 
Even in 12 week-old alfalfa, stachydrine and proline were not actively 
synthesized from ornithine (2). When, however, they administered orni- 
thine-2-C™ together with pyridoxal to 19 day-old alfalfa seedlings, and 
after 12 days harvested the plant and isolated the alkaloid and amino acids, 
they found that the proline was radioactive although the stachydrine was 
inactive (2). . 

It has now been ascertained that glutamic acid-2-C™, when administered 
together with pyridoxal to 15 day-old alfalfa seedlings, is also converted 
within 2 days to radioactive proline, although not to stachydrine. 

The formation of stachydrine requires the methylation of proline, and 
this does not seem to take place in the 2 week-old plant. Methionine has 
been repeatedly shown to be a source of methyl groups in plants (3-5), 
but the feeding of methionine together with ornithine-2-C and pyridoxal 
to alfalfa seedlings failed to bring about the formation of radioactive stach- 
ydrine.! Sakami and Welch (6) have established that folic acid en- 
hances biological methylation, although it is apparently less effective than 
tetrahydrofolie acid (7). It is known that rats fed with folic acid and 
formate-C'* incorporate much more C'* into body protein than rats deficient 
in folic acid (8). It was anticipated, therefore, that folic acid might 
stimulate the methylation of proline by methionine into stachydrine, and 
indeed alfalfa seedlings, after the administration of methionine-C", pyri- 
doxal, and folic acid, yielded the radioactive alkaloid. 

Both the choline and the alkaloid fraction extracted from these plants 
were radioactive. In the course of previous work it had been observed that 


* Issued as Publication No. 4696 of the National Research Council of Canada. 
t Postdoctorate Fellow of the National Research Council of Canada. 
' Massicot, J., and Marion, L., unpublished results. 
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stachydrine isolated from alfalfa was not pure, but consisted of a mixture | 


of bases (1, 2). Recently, it has been shown that the mixture consists of 
stachydrine and its higher homologue, which has been named homostach- 
ydrine (9). Homostachydrine which is the N-methylbetaine of pipe- 
colic acid always-accompanies stachydrine in alfalfa. Its properties are 
similar to those of stachydrine and, although it has been possible to isolate 
it in a state of purity, it has not proved possible yet to obtain alfalfa 
stachydrine entirely free from it (9). After the separation of some pure 
homostachydrine from the radioactive alkaloid mixture, the remainder 
contained a greater proportion of stachydrine and showed a higher radio- 
activity (919 d.p.m. per mg.) than the original mixture isolated from the 
plant (753 d.p.m. per mg.). Since homostachydrine and stachydrine were 
clearly separated on a paper chromatogram, it was possible to show that 
all of the radioactivity of the mixture was contained in the stachydrine 


by measuring the radioactivity of a paper chromatogram which was cut — 


into strips (Fig. 1). 


EXPERIMENTAL 


Feeding of Alfalfa with Methionine (Me-C')—Alfalfa seeds (M. sativa 
L. Grimm) (300 gm.) were dusted with the fungicide Arasan? and spread 
evenly on top of a double layer of wetted glass wool in ten Pyrex trays, 
These were kept in a dark germinating cabinet for 4 days and then brought 
into the open; 50 ml. of water and 50 ml. of nutrient solution (10) were 
added on alternate days. On the 8th and 14th days the contents of all 
trays were washed with distilled water three times. On the 15th day of 
growth, methionine (Me-C™) (50 mg. with a specific activity of 1.70 X 
10° d.p.m. per mmole and a total activity of 5.7 * 107 d.p.m.), pyridoxal 
(0.5 mg.), and folic acid (0.88 mg. from a stock solution prepared according 
to Lascelles and Woods (11), and containing 0.044 per cent of folic acid in 
sodium bicarbonate) were added in water solution to the trays. The same 
amount of folic acid and pyridoxal was added on the 17th day. The plants 
received a total of 1.76 mg. of folic acid and 1.0 mg. of pyridoxal and were 
allowed to grow in contact with the tracer for 6 days. The radioactivity 
of the fresh leaves was 3 X 10° d.p.m. per mg. on the 18th day and 8.5 X 
10° d.p.m. per mg. on the 21st day of growth. After 21 days, each tray 
was washed with distilled water six times, and the plants were separated 
from the glass wool as completely as possible and dried on filter paper at 
room temperature for 3 days. 

Extraction and Isolation of Stachydrine—The dried alfalfa plants (220 
gm.) were ground and extracted with three 2 liter portions of boiling water 


2 Arasan, a product of du Pont de Nemours, Inc., has for its active principle tetra- 
methylthiuramdisulfide. 
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as previously described (1, 2). The total activity of the 6 liter water 
extract was 7.4 X 10° d.p.m., representing 13 per cent of the activity pres- 
ent in methionine fed to the plant. The extract was treated with lead 
acetate in the usual way, and the lead-free solution was concentrated in 
vacuo to a volume of 250 ml. Part (20 per cent) of this solution was set 
aside and the remaining 200 ml. were further concentrated to half volume. 
The resulting dark brown viscous syrup was boiled with 95 per cent alcohol 
(350 ml.) and the mixture filtered after cooling. The insoluble residue was 
again boiled with two 150 ml. portions of 95 per cent alcohol. The com- 
bined alcoholic filtrates were evaporated to dryness, the brown residue was 
dissolved in water and made alkaline (pH 8) with aqueous ammonia, and 
the choline was precipitated as the reineckate. The crude choline reineck- 
ate was purified via the chloride and the mercuric salt complex by the 
standard procedure. The choline chloride (80 mg.) thus obtained was 
found by a paper chromatogram to be pure. Its activity was 501 d.p.m. 
per mg. or 6.9 X 10‘ d.p.m. per mmole. 

The reddish brown choline-free aqueous filtrate was acidified with 
concentrated hydrochloric acid (50 ml.), a 5 per cent solution of reinecke 
salt in methanol (50 ml.) was added, and the precipitated mixture of 
stachydrine and homostachydrine reineckates was filtered with suction 
and washed with n-propanol. The mixture was dissolved in acetone (100 
ml.), the solution filtered to remove a brown insoluble impurity, and the 
filtrate evaporated to dryness. The residue of mixed reineckates (1.41 
gm.) was dissolved in acetone, converted to the chlorides (12), and purified 
by being treated twice with mercuric chloride as already described (9). 
After recrystallization from alcohol and acetone, the colorless crystalline 
mixture of stachydrine and homostachydrine hydrochlorides (133 mg.) 
melted at 197—-199° (decomposed). Chromatography on Whatman No. 
1 paper with Munier’s Bc-20 solvent (13) showed the two red-purple 
spots characteristic of stachydrine and homostachydrine after the paper 
was sprayed with Dragendorff’s reagent (9). The activity of this cho- 
line-free mixture was 753 d.p.m. per mg. 

Separation of Stachydrine and Homostachydrine—The separation of 
homostachydrine from stachydrine was carried out by chromatography 
on cellulose powder (50 mg.), Whatman standard grade, as described pre- 
viously (9). A solution of the stachydrine and homostachydrine hydro- 
chlorides was applied to three disks of filter paper (diameter, 24 mm.) 
and the paper was dried. The paper disks were placed on top of a cellulose 
powder column (25 X 280 mm.) and eluted with Munier’s Be-20 solvent. 
A total of 55 fractions was collected. Fractions 11 to 19 contained homo- 
stachydrine, Fractions 20 to 24 a mixture of homostachydrine and stachy- 


? All melting points are corrected. 
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drine, and Fractions 25 to 27 yielded a small quantity of stachydrine. 
Fractions 20 to 29 were pooled and evaporated in vacuo. The residual 
hydrochlorides were purified via the mercuric salt complex (9) and recrys- 
tallized from alcohol-ether. The colorless crystalline salt (8 mg.) melted 
at 208-211° (decomposed). A paper chromatogram of this salt showed a 
larger spot of stachydrine and a smaller spot of homostachydrine. The 
activity of this stachydrine-enriched mixture was 919 d.p.m. per mg. 

Detection of Radioactive Stachydrine on Paper Chromatogram—The 
determination was made by using theascending method of paper chromatog- 
raphy (14). Two spots of 0.2 mg. of the mixture of stachydrine and 
homostachydrine hydrochlorides (m.p. 197—199° decomposed) were applied 
each on a sheet of Whatman No. 3 paper and the chromatograms developed 
with Munier’s Be-20 solvent. One of the papers was sprayed with Dragen- 
dorff’s reagent, revealing two spots which corresponded to stachydrine 
and homostachydrine, respectively. The other paper was cut into strips 
1 cm. in width. Each strip was threaded onto a platinum wire, suspended 
inside a reflux condenser, and extracted with boiling methanol (30 ml., 
30 minutes). The methanol extracts were concentrated and then evapo- 
rated on separate aluminum disks. The activity of these extracts (the 
actual counts observed above the background without any corrections) 
plotted against the distance of the strips from the starting point is shown 
in Fig. 1. This shows that the position of maximal activity corresponds 
to the position of stachydrine (11 to 13 cm. from the starting line), while 
the position of homostachydrine (13.5 to 15.5 em. from the starting line) 
reveals no activity. 

Administration of Glutamic Acid-2-C'*—Alfalfa seeds (300 gm.) dusted 
with Arasan were germinated as described above. On the 15th day, a 
total of 0.5 mg. of pyridoxal hydrochloride dissolved in water was added to 
the trays. On the 16th day, 0.5 mg. of pyridoxal hydrochloride and 9.96 
mg. of glutamic acid-2-C™ were added (specific activity 7.48 * 108 d.p.m. 
per mmole, total activity, 4.9 X 10’ d.p.m.). On the 18th day the trays 
were washed carefully with distilled water and the plants, together with 
the glass wool, extracted with three portions of 6 liters of boiling water. 
The combined extracts had an activity of 4.0 K 10° d.p.m., representing 
8.2 per cent of the total activity of the glutamic acid fed to the plant. 
Part of the extract (600 ml.) was set aside, and the rest used for the isola- 
tion of the alkaloids. The mixture of stachydrine and homostachydrine 
hydrochlorides (0.163 gm.) was isolated as described above. The activity 
of the crude mixture was 37.2 d.p.m. per mg. but it decreased upon further 
crystallization and became negligible after several crystallizations from 
alcohol. 

Isolation of Proline—The 600 ml. of the aqueous extract that had been 
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set aside were evaporated to dryness and the residue was dissolved in 
0.5 m acetic acid (5 ml.). The amino acids were separated as described 
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Fic. 1. Paper chromatogram showing the separation of the bases and their radio- 
activity. 


by Morgan and Marion (2) first by means of a column (35 X 1.8 em.) of 
Dowex 1-X8 ion exchange resin. Besides glutamic acid, the aspartic acid 
(146 mg.) was also radioactive (2.4 X 10* d.p.m. per mmole). The mix- 
ture of neutral and basic amino acids (1.394 gm.) was dissolved in N 
hydrochloric acid and separated on Dowex 50-X4. The proline isolated 
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(36 mg.) had an activity of 75.3 d.p.m. per mg. or a specific activity of 
0.86 X 10‘ d.p.m. per mmole. 


DISCUSSION 


2 week-old alfalfa seedlings can convert ornithine into glutamic acid, 
but only after being fed pyridoxal can they convert ornithine and glutamic 
acid into proline. The failure to produce proline from these precursors 
by the normal plant at this stage of growth must be attributed to the 
absence of the proper enzyme system. Pyridoxal does not induce the 
methylation of proline, which does take place, however, in the presence of 
folic acid. 

Experiments of Dinning, Keith, and Day (15) with chick livers suggest 
that folic acid is involved in transmethylation from betaine to methionine. 
The mature alfalfa plant contains folic acid (16), but since the methylation 
of proline to stachydrine in 2 week-old seedlings does not take place even 
after feeding methionine (6) unless folic acid 1s also fed, it can be concluded 
that the young plant is deficient in this acid, and also that folic acid is 
involved in the transmethylation from methionine to stachydrine. 

What determines the biogenesis of an alkaloid, therefore, is not only 
the presence of the precursor amino acids but also the presence of the co- 
enzymes or vitamins necessary to induce the proper reactions. In alfalfa, 
these inducing factors are formed only at a later stage of growth, probably 
in the late flowering period, since the alkaloid is stored in the seeds. 


SUMMARY 


The 2 week-old alfalfa plant can convert ornithine into glutamic acid, 
but not to proline. In the presence of pyridoxal, both ornithine and glu- 
tamic acid are converted to proline. 

The feeding of methionine to 2 week-old alfalfa plants does not. bring 
about the methylation of proline to yield stachydrine. 

When the plant is fed folic acid together with methionine and pyridoxal, 
both the formation of proline and the methylation reaction are induced, 
and the stachydrine isolated from the plant is radioactive. 
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In a preliminary report (1) a biotin deficiency in Streptococcus lactis 
8039! was found to result in a greatly diminished ability to convert orni- 
thine and carbamyl] phosphate to citrulline. In the present investigation 
a study of the conditions necessary to restore normal activity to biotin- 
deficient cells has been made. Normal activity is restored to biotin- 
deficient cells when the cells are incubated for a short time with glucose, 
phosphate buffer, biotin, and an amino acid supplement which includes 
glutamine. ‘The requirements for restoration of normal activity and the 
fact that this restoration can be inhibited by analogues of purines and 
pyrimidines or by analogues of amino acids not required in the medium 
suggest that synthesis of the enzyme in the presence of biotin is necessary 
for production of an active enzyme system for the conversion of ornithine 
to citrulline. 


Materials and Methods 


The authors are indebted to Dr. C. G. Skinner for dilithium carbamy] 
phosphate (2), 4-oxa-pL-lysine (3), and 8-azaguanine (4) prepared by 
previously described methods. The 5-fluorouracil was a gift from Dr. R. 
Duschinsky of Hoffmann-La Roche, Inc. All other compounds were 
obtained from commercial sources. 

Biotin-deficient cells of S. lactts 8039 were harvested after 24 hours 
growth at 30° in a previously described medium (5) which was modified 
to contain 0.2 y per ml. of calcium pantothenate, 0.025 mugm. per ml. of 
biotin, and 1 mg. per ml. of pL-glutamic acid. The cells were washed 
twice with 0.85 per cent sodium chloride solution. 

Reactivation of the biotin-deficient cells was carried out in 3 ml. of 
medium which contains, per ml., the following: glucose 5 mg.; biotin 1 y; 
amino acids 100 y of the L and 200 y of the px forms of the amino acids 
listed in Table II, potassium phosphate buffer 0.04 ml. of 0.5 Mm at pH 8; 


* Rosalie B. Hite Predoctoral Fellow, 1956-57. 
1 This organism was inadvertently given the number 8043 instead of 8039 in the 
preliminary report (1). 
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L-glutamine 1 mg.; and cells 0.2 mg. The glucose solutions were treated 
with charcoal before use to minimize biotin contamination. The cells 
were collected by centrifugation after incubation for 2 hours at 30° and 
were resuspended in 0.6 ml. of 0.85 per cent sodium chloride solution. 

For the enzyme activity assay, 0.05 ml. of the cell suspension (0.05 mg. 
of cells) was incubated for 2 hours at 30° with dilithium carbamy] phosphate 
20 umoles; magnesium chloride 2.5 wmoles; pL-ornithine 20 ywmoles; and 
tris(hydroxymethyl)aminomethane (Tris) buffer 10 wmoles at pH 8, in a 
total volume of 1 ml. The amount of citrulline produced was determined 
by a previously described colorimetric method (6) which involves inter- 
action of citrulline with diacetylmonoxime in acid solution. 


RESULTS AND DISCUSSION 


As much as 0.5 mg. of biotin-deficient cells of S. lactis is not capable of 
producing a detectable amount of citrulline from ornithine and carbamy] 


phosphate. After 2 hours incubation with a mixture of glucose, an amino _ 


acid supplement, phosphate buffer, biotin, and glutamine, 0.05 mg. of cells 
is capable of converting approximately 50 per cent (5 umoles) of the 
L-ornithine present to citrulline, as shown in Table I. The omission of 


glucose, phosphate buffer, or the amino acid supplement from the reactiva- | 


tion medium prevents any restoration of activity. When biotin or glut- 
amine is omitted from the medium, the cells show some increase in activity 
but are considerably less active than cells incubated in the complete 
medium. High levels of asparagine or glutamic acid (1 mg. per ml.) 
partially replace glutamine in restoring the enzyme activity of the cells. 


The addition of uracil (10 y per ml.) to the complete reactivation medium | 
produces a slight increase in the enzyme activity of the cells; however, the | 
addition of adenine and guanine (10 y each per ml.) causes a slight decrease. | 
A supplement of B vitamins (0.01 ml. per ml. of a previously described | 
vitamin supplement (5) with biotin omitted and calcium pantothenate | 


added) produces only a slight stimulation. 


If total protein synthesis is required for reactivation of the biotin-defi- | 
cient cells rather than synthesis of only a portion of the enzyme or of a | 
cofactor, it would be reasonable to expect that a large number of amino | 
acids would be required for reactivation. From the data given in Table | 
II, it appears likely that total protein synthesis is necessary in order to | 
restore normal activity to the biotin-deficient cells. Essentially no reacti- | 


vation occurs in the absence of valine, arginine, methionine, leucine, 
isoleucine, or histidine. Partial restoration of enzyme activity occurs in 
the absence of aspartic acid, alanine, cysteine, phenylalanine, lysine, tryp- 
tophan, or proline. An exogenous supply of glutamic acid, tyrosine, 
glycine, serine, or threonine does not appear necessary for enzyme synthesis 
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to occur. It is not surprising that an exogenous supply of glutamic acid 
is not required since glutamine is present. ‘The increase in enzyme activity 
of the cells observed upon the omission of glutamic acid may result from an 
inhibitory effect of glutamic acid on the utilization of an amino acid or 


TABLE I 
Requirements for Reactivation of Biotin-Deficient Cells 


Reactivation medium | Enzyme activity 


| per cent of control 
Amino acid supplement omitted. <1 
Potassium phosphate buffer omittedT................. <1 


* Conversion of L-ornithine to citrulline, 4.6 wmoles. 

+ 0.04 ml. of 0.5 m Tris buffer, pH 8, per ml. was substituted for the potassium 
phosphate buffer. In separate experiments potassium chloride was added in addi- 
tion to the Tris buffer with the same result. 


TaBLeE II 
Amino Acid Requirements for Reactivation of Biotin-Deficient Cells 
Amino acid omitted aes | Amino acid omitted ——— 
per cent of con- ber cent of con- 
trol bro 
pL-Aspartie acid. ........... 78 80 
pL-Glutamie acid............ 147 pL-Threonine............... 113 


* Conversion of L-ornithine to citrulline, 3.9 pmoles. 


amino acid derivative. Those amino acids that are not required may be 
present within the cells in sufficient concentrations or may themselves be 
synthesized during the incubation period. 

In order to show that certain metabolites, though not required exog- 
enously, are essential for reactivation, the inhibition and reversal of some 
metabolic antagonists were studied. These results are given in Table IIT. 
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Although the addition of an exogenous supply of uracil is not necessary to 
restore the enzyme activity of the biotin-deficient cells, 5-fluorouracil 
prevents the appearance of the enzyme, and this inhibitory effect is over- 
come by uracil. Enzyme synthesis is prevented by 8-azaguanine, 4-oxa- 
pL-lysine, and 6-(2-thienyl)-pL-alanine, and the inhibitory effects of these 
inhibitors are overcome by guanine, lysine, and phenylalanine, respectively. 

‘In order to determine whether the restoration of enzyme activity is 
dependent upon growth, plate counts were made in several different experi- 
ments before and after the 2 hour reactivation period. The number of 


TABLE III 
Antimetabolite Effects on Reactivation of Biotin-Deficient Cells 
Supplements 
Omissions from basal Enzyme 
Antimetabolite Metabolite 
y per ml. per ml. 
None 100* 
“3 5-Fluorouracil 10 25 
10 | Uracil 10 100 
Guanine 10 70 
8-Azaguanine 10 <1 
10 10 68 
pL-Lysine 70 
4-Oxa-pL-lysine 1000 <1 
1000 | puL-Lysine 200 63 
pL-Phenylalanine 54 
B-(2-Thieny])-pL- 2000 29 
alanine 
8-(2-Thieny]) -pL- 2000 pL-Phenyl- 1000 74 
alanine alanine 


* Conversion of L-ornithine to citrulline, 3.7 wmoles. 


viable cells does not increase in the complete medium or in the medium 
from which glucose is omitted. In view of the possibility that there might 
be an increase in cell weight without an increase in the number of cells, the 
mass of cells was determined by turbidimetric readings before and after 
incubation under several conditions of reactivation. During incubation 
in the absence of glucose, there is no increase in the weight of cells. Cells 
incubated in the complete medium show a weight increase of 14 per cent. 
However, cells incubated in the absence of biotin show an increase in cell 
weight of 12 per cent but have only slight enzyme activity (Table I). 
This would indicate that the synthesis of the ornithine-citrulline enzyme 
is not merely a result of increased cellular material and that biotin plays 
a specific role in the synthesis of this enzyme. 
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From these results, it appears that the involvement of biotin in the 
conversion of ornithine and carbamyl phosphate to citrulline is such that 
de novo enzyme synthesis is required to offset the defects in metabolism 
which result from biotin deficiency. Whether biotin is bound into the 
enzyme in such a manner that it cannot be utilized except during the actual 
synthesis of the enzyme or whether biotin is involved indirectly in the 
synthesis of the enzyme remains to be determined. This system offers 
possibilities not only with regard to the study of the function of biotin 
but also for the study of enzyme synthesis. 


SUMMARY 


Biotin-deficient cells of Streptococcus lactis 8039 have a greatly diminished 
ability to convert ornithine and carbamyl phosphate to citrulline. Normal 
enzyme activity can be restored to these cells after a short incubation 
with glucose, an amino acid supplement including glutamine, phosphate 
buffer, and biotin. The requirements for the restoration of normal 
activity and the fact that this restoration of activity can be inhibited by 
analogues of purines and pyrimidines or by analogues of those amino acids 
not required in the reactivation medium indicate that de novo synthesis of 
the enzyme in the presence of biotin is required for the production of an 
active enzyme system for the conversion of ornithine to citrulline. 
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CHEMICAL NATURE OF MONOPHOSPHOINOSITIDES* 


By DONALD J. HANAHAN anp JUNE N. OLLEYT 
(From the Department of Biochemistry, University of Washington, Seattle, Washington) 


(Received for publication, October 21, 1957) 


Perhaps one of the least well defined areas of lipide biochemistry is 
represented by the phosphoinositides. Although the existence of inositol 
in naturally occurring lipides was reported by Anderson (1) in 1930, prog- 
ress in the structural characterization of these compounds has been 
relatively slow. Certainly one of the major obstacles in any study of the 
inositides had been the isolation and purification procedure. As has been 
emphasized by Iolch and LeBaron (2) and amply demonstrated in the 
present study, the reported occurrence of sugars, amines, etc., as integral 
parts of the inositide structure may well be due to contamination rather 
than to any actual chemical combination. 

rom studies on the phosphoinositides of liver by McKibbin (3) and 
cardiac muscle by Faure and Morelec-Coulon (4), there would appear to 
be some justification for the proposition that certain of the naturally 
occurring phosphoinositides would be best represented structurally as 
phosphatidyl inositol (diacyl-a-glycerylphosphorylinositol) or mono- 
phosphoinositides. However, it was obvious that more detailed informa- 
tion was necessary before complete acceptance of such a formulation was 
possible. In the present study, observations on the chemical nature of 
the phosphoinositides of rat liver, beef liver, and veast, isolated by silicic 
acid chromatography, are reported. 


EXPERIMENTAL 


Materials and Methods—The phosphoinositides were isolated by. silicic 
acid chromatography as described previously (5). In all cases the initially 
isolated material was contaminated with nitrogenous materials (typical 
N:P, molar ratio: (a) beef and rat liver 0.20, and (b) yeast 0.50) and was 
subjected to further chromatography as described below under “Results.” 
This rechromatography on silicic acid was sufficient to remove essentially 
all the nitrogen. In all the chromatographic experiments, Mallinckrodt’s 


* This study was supported by grants from the National Science Foundation and 
the American Cancer Society. This material was presented in part at a Symposium 
on Phosphatides at the annual meeting of the American Society of Biological Chem- 
ists, Chicago, April, 1957. 

+ Present address, Torry Research Station, Aberdeen, Scotland. 
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silicic acid, reagent, 100 mesh, suitable for chromatographic analysis, was 
used. 

The phosphorus, Kjeldahl nitrogen, iodine, and hydrogen uptake methods 
have been described previously (5). The fatty acids were obtained by a 
6 hour hydrolysis in 0.56 N KOH and the isolation and assay of the fatty 
acids performed as described previously (5). Ester groups were deter- 
mined by the hydroxamate method of Stern and Shapiro (6). As pointed 
out below, acid hydrolysis of the phosphoinositide was usually incomplete 
because of the primary formation of diglycerides. Ash and metal analyses 
were performed by the Laucks Testing Laboratories,' carbon, hydrogen, 
and Dumas nitrogen assays were carried out by Weiler and Strauss,’ and 
optical rotations were made with a Rudolph polarimeter and _ infrared 
spectra were obtained with a Perkin-Elmer model No. 21 spectrometer. 

Notes on Glycerol Determinations—Inasmuch as _ partial hydrolysis 
studies were carried out here, the method of Blix (7) for glycerol could not 
be used, since both glycerol and glycerophosphate as well as sugars are 
estimated (8). The paper chromatographic method of Olley (9), with 
use of a 48 hour hydrolysis with aqueous 6 N HCl, was found to give low 
and variable results. However, this was explainable as it was later ob- 
served that glycerol is extremely volatile when aqueous extracts are evap- 
orated to dryness for removal of HCl (at low or high temperature). 
Loss of glycerol by volatilization has been noted by Harvey and Higby 
(10), Lovern (11), and LeBaron et al. (12). Even if the volatilization 
loss is prevented by removal of the HCl on a resin, glycerol is destroyed 
during the course of hydrolysis in 6 N HCl. The amount of glycerol 
destruction appeared to depend upon the lipide mixture hydrolyzed; 
thus, while glycerophosphate showed only a 20 per cent loss of glycerol, 
some lipide mixtures lost up to 70 per cent of the total glycerol. Interest- 
ingly enough, it was found that glycerol destruction could be prevented by 
employment of a 2 N HCl hydrolysis. Precautions were necessary to 
insure that no concentration of the acid occurred during reflux, as losses 
of glycerol could easily result. 

The quantitative estimation of glycerol on total hydrolysates was 
accomplished by a combination of the methods of Frisell et al. (13) and of 
Lambert and Neish (14). Essentially the method was as follows: To a 2 
ml. aliquot of a sample containing 3 to 50 y of glycerol were added 0.1 ml. 
of 10 N HsSO, and 0.5 ml. of 0.1 mM sodium periodate. This mixture was 
allowed to stand at room temperature for 5 minutes and 0.5 ml. of 10 per 
cent sodium bisulfite was added. A 1 ml. aliquot of this mixture was 
mixed with 5 ml. of chromotropic acid (1 gm. per 100 ml. of water, to which 


11008 Western Avenue, Seattle 4, Washington. 
2 Microanalytical Laboratory, 164 Banbury Road, Oxford, England. 
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are added 450 ml. of 24 N H.SO,) and heated for 30 minutes in a boiling 
water bath. The mixture was cooled and 0.5 ml. of half saturated thiourea, 
which destroys the dark reagent blank, was added. The solution was 
then read at 570 my. Corresponding color reactions of 1 mg. of the fol- 
lowing substances in 5 minutes with periodate at room temperature were 
that ethanolamine would appear as 2.4 y of glycerol, glucose as 19.0 y of 
glycerol, while serine and inositol phosphate gave no response. 

A suitable and reliable standard for the glycerol assay system is mono- 
methyldimethylhydantoin (18.98 per cent available formaldehyde), 
obtainable from E. I. du Pont de Nemours Company, Ine. Solutions of 
this compound may be stored indefinitely without any evidence of decom- 
position. 

Glycerophosphate interferes in the glycerol assay and must be quantita- 
tively removed. An aliquot of the lipide hydrolysate is passed through 
sufficient Dowex 1, 50 to 100 mesh (placed on OH cycle), to remove both 
HCl and glycerophosphate esters, and the glycerol in the effluent is deter- 
mined by the periodate-chromotropic acid method. The Dowex resins 
released formaldehyde and must be thoroughly washed before being used 
in the glycerol assay. If the resin is allowed to stand for several days be- 
fore reuse, formaldehyde is reformed and must be removed. Traces of 
this compound will interfere in the microbiological assay for inositol. A 
retardation of growth may occur in the usual time period, but a longer 
growth period will allow satisfactory results. 

It was found that Amberlite I[RA-410 was completely unsatisfactory 
for the removal of phosphate esters. Although it removed glycerophos- 
phate, at the same time it fortuitously released a sufficient amount of a 
base yielding formaldehyde on periodate oxidation to compensate for 
glycerophosphate removed. 

Glycerol may also be detected and determined by a paper chromato- 
graphic technique which utilizes borax-impregnated paper. In _ this 
system, Whatman No. 3 paper is impregnated with 0.08 m borax solution. 
Glycerol samples, in range from 10 to 100 y, are spotted on the paper and 
the chromatogram is run in an ascending system with a mixture of 150 
parts n-propanol, 70 parts water, 90 parts 0.08 m borax (any less water will 
cause precipitation of the borax). As much as 200 ul. of 2 N HCl can be 
tolerated in a sample run by this technique. Due to the presence of borax, 
glycerol spots cannot be detected by the spray reagent of Trevalyan et al. 
(15). In faet, this spray apparently works well only in neutral solvent 
systems. Therefore, guide strips of glycerol were detected by use of 1 
per cent lead tetraacetate in benzene, and the corresponding areas in the 
other parts of the paper were cut out, eluted with water, and assayed by 
the above chromotropic acid method. As much as 60 y of glycerol were 
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recovered quantitatively in the presence of 60 y each of serine, ethanol- 
- amine, glucose, arabinose, ribose, mannose, fructose, inositol, and galactose. 
The glycerol had an R, in this system of ~0.60, and all the above com- 
pounds had Ry, values of at least 0.1 unit less. The solvent system was 
not effective in separating glycerol and glycerophosphate, and the glycero- 
phosphate must be removed by resin or some other techniques before 
chromatography. 

Inositol Assay—Total inositol can be assayed either by a microbiological 
assay with Kloeckera apiculata as test organism or, after removal of acid, 
by the paper chromatographic technique of Olley (9). Because it gives 
a 10 per cent response in the assay system, any inositol phosphate present 
must be removed by being passed through Dowex 1. As indicated above, 
traces of formaldehyde may retard the growth response of the organism 
but samples need only be incubated an additional 24 hours, when the 
response is normal and reproducible. In the over-all assay system, it was 
found necessary to maintain the temperature within the range 25—30° for 
optimal and most reproducible response of the organism. 

Free inositol can be detected chromatographically in the presence of 
inositol phosphate (9). This is accomplished by running the samples on 
paper in an ascending solvent system of propanol-ethanol-water (50:30:20). 
The Ry values of some typical possible components were inositol phos- 
phate 0.08, inositol 0.17, glucose 0.44, and glycerol 0.67. Inositol phos- 
phate can be distinguished from inositol by the spray reagent of Trevalyan 
et al. (15), inasmuch as the color develops much more slowly and the 
reaction is much less sensitive for the phosphate ester. 

The phosphate esters from an acid or alkaline hydrolysate of a lipide 
sample may be detected chromatographically on paper by running on 
Whatman No. 1 paper with the solvent system of methanol-formic acid- 
water (80:15:5) of Bandurski and Axelrod (16), and may be detected by 
being dipped in the phosphate reagent of Burrows et al. (17), and then 
exposure to ultraviolet light. 

When the phosphate esters are to be quantitatively estimated, the papers 
are washed with 2 N acetic acid, which reduces background color to a 
minimal value. The irradiated spots are cut out, digested with perchloric 
acid, and the phosphorus determined by King’s method (18) or, if less than 
6 y of phosphorus are present, by the method of Berenblum and Chain (19). 

It should be emphasized that the influence of metal ions on phosphate 
ester migration is quite pronounced (Table I). Van Heyningen (20) has 
reported that sodium glycerophosphate had an R,y of 0.19 in phenol-water, 
whereas ammonium glycerophosphate had an Ry of 0.35. 

Inositol was isolated from 48 hour, 6 N HCl hydrolysates of the lipides 
by the technique of Folch (21) or through crystallization of a concentrated 


D. J. HANAHAN AND J. N. OLLEY 817 


eluate from a Dowex 1 treatment (see above) of the hydrolysate by addi- 
tion of absolute ethanol. In either procedure all the phosphoinositides 
yielded a white crystalline compound, m.p. 225° (authentic sample of 
myo-inositol, m.p. 225-226°; mixed m.p., 225—226°). The recoveries of 
myo-inositol were in a range of 60 to 90 per cent of theory. 


Results 


Isolation and Purification of Phosphoinositides—As has been previously 
reported (5), the phosphoinositides isolated by silicic acid chromatography 
of mixed lipides tend to have a small but significant amount of nitrogen 
present. In the beef liver and rat liver preparations, the amount of con- 
taminant lipide nitrogen rarely exceeded 20 per cent, while, with the yeast 
fractions, many samples were of the order of 50 per cent. ‘That this nitro- 
gen was indeed a contaminant, non-inositol-containing compound was 


TABLE [ 


Rp Values of Inositol Phosphates (IP) Obtained from Acid and Alkaline 
Hydrolyses of Beef Liver Phosphoinositides (PI) 


(a) IP, synthetic. . 0 
(b) “ from acid hydrolysis of PI. ey 0 
sis of PI; ‘acidified. . 0. 


(d) (a) + (¢).. 


illustrated by the fact that it could be removed by rechromatography of 
the fractions on silicic acid. This was accomplished by using a lower 
loading factor, approximately 0.5 to 0.6 mg. of phosphorus per gm. of 
silicic acid, for the purification of the phosphoinositides than was used in 
the fractionation of the original mixed phospholipides (1 mg. of phosphorus 
per gm. of silicic acid). A solvent mixture of chloroform-methanol, 11:2 
(v/v) and 5:2 (v/v), was sufficient to allow separation of an essentially 
nitrogen-free phosphoinositide, in the chloroform-methanol 5:2 fraction, 
from beef liver and rat liver (Figs. 1 and 2). The nitrogen-containing 
fraction was inositol-free and was apparently simply a trailing portion of 
the phosphatidylethanolamine-serine fraction obtained in the original 
isolation of the inositide. After the chloroform-methanol 5:2 fraction 
was eluted, it was evaporated to dryness in vacuo at 25°, dissolved in a 
minimal amount of chloroform, and treated with acetone. This procedure 
allowed precipitation of over 95 per cent of the phosphoinositides and 
removed a large portion of any color present. The precipitate was washed 
two to three times with acetone and the solvent removed by evaporation 
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under nitrogen. The dry, amorphous powder could be stored indefinitely, 
without any evident decomposition, at 4°. 
However, in the case of the yeast phosphoinositides the problem of 
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Fig. 1. Rechromatography of beef liver phosphoinositides (N:P, molar ratio 
0.20). The loading factor was 25 mg. of lipide P per 60 gm. of silicie acid and 30 
gm. of Hyflo Super-Cel. The eluting solvents were mixtures of chloroform and 
methanol (C-M, v/v); the volume of each fraction was 6 ml. and the drop rate was 
1.5 to 2 ml. per minute. The major peak (C-M, 5:2) had an N:P molar ratio of 
0.055 and gave only a single peak on rechromatography under the same conditions 
as above. 
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Fic. 2. Rechromatography of rat liver phosphoinositides (N:P, molar ratio, 
0.16). The loading factor was 29 mg. of lipide P per 60 gm. of silicie acid and 30 
gm. of Hyflo Super-Cel. The eluting solvents were mixtures of chloroform and 


methanol (C-M, v/v); the volume of each fraction was 6 ml. and the drop rate was — 


1.5to2ml. per minute. The major peak (C-M, 5:2) had an N:P molar ratio of 0.01 
and gave only a single peak on rechromatography under the same conditions as 
above. 

Fic. 3. Rechromatography of yeast phosphoinositides (N:P, molar ratio, 0.49). 
The loading factor was 125 mg. of lipide P per 250 gm. of silicic acid and 125 gm. of 
Hyflo Super-Cel. The eluting solvent was a mixture of chloroform and methanol 
(C-M, v/v); the volume of each fraction was 16 ml. and the drop rate was 2 ml. per 
minute. The first ascending portion of the curve (tubes 80 to 100) contained the 
phosphoinositides (N:P, molar ratio, 0.08). The latter descending portion of the 
elution curve (tubes 140 to 170) gave a low inositol-containing lipide (N:P, 0.69). 
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removal of the contaminant nitrogen was more difficult. In fact, the 
chromatographic procedure did not allow a clean cut separation of the 
inositide and the nitrogenous component (apparently a lyso type deriva- 
tive). The best purification to date has been through rechromatography 
on silicic acid with use of chloroform-methanol 5:2. As is evident from 


TaB_eE II 
Composition of Phosphoinositides from Liver and Yeast 


Beef liver* | Rat liver* | Yeast* 
P, % 3.40 | 3.23 3.18 
N,% 0.09 | 0.05 0.11 
N:P, molar ratio 0.055 | 0.01 0.08 
Inositol, % 19.7 17.6 18.4 
° to P, molar ratio 1.00 0.94 1.00 
Glycerol, % 10.2 9.4 9.3 
ve to P, molar ratio 1.00 0.97 0.98 
Fatty acid, % 55.3 45.0 55.6 
Neutral equivalent 250.0 | 254.0 265.0 
Fatty acid to P, molar ratio 2.00 1.90 2.00 
Ester to P, molar ratio 1.98 1.98 
Unsaturation,? =/mm™ 1.77 1.90 Not run 
Ash, % 10.92 10.2 7.6 
Na:P, molar ratiot 0.70 1.14 | 0.41 
| 
Mg:P “ 0.33 | | 0.52 
[a]? | +5.86° | +5.60° Not run 


* These compounds prior to rechromatography on silicic acid had the following 
N:P molar ratios: beef liver, 0.20; rat liver, 0.16; yeast, 0.49. 

t The hydrogen and iodine uptake values on the free fatty acids were compara- 
ble. While the intact inositide adsorbed iodine readily and to a theoretical extent 
(bused on fatty acid uptake), it was not possible to obtain more than a 20 per cent 
uptake of hydrogen on an intact sample. 

t Values are calculated on the basis of phosphorus content of samples before ig- 
nition. On spectrographie analysis of the silicie acid used in the chromatographic 
procedure, no trace of sodium or potassium was found and less than 0.0001 per cent 
magnesium was detected. These data would make it highly unlikely that any me- 
tallic ions in the inositides were derived from the chromatographic procedure. 


the curve in Fig. 3, the separation is indeed poor. When the ascending 
portion of the fast running peak (A) was analyzed, it was found to be a 
low nitrogen-containing phosphoinositide (Table II), while the slow running 
peak (B) was a high nitrogen, low inositol-containing component. The 
following analyses resulted: P, 4.8 per cent; N, 1.5 per cent; N:P, molar 
ratio, 0.69; inositol to P, molar ratio, 0.30. Thus, the major component 
of the latter fraction was most probably a lysophosphatidylserine or 
lysophosphatidylethanolamine type derivative. 
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The data on the composition of these phosphoinositides are tabulated 
in Table II. These results support a proposed phosphatidy] inositol (I) 
type structure for the inositides. As is indicated, sodium and magnesium 
are present in the beef liver preparations, sodium in the rat liver prepara- 
tion, and mainly sodium and magnesium in the yeast source. The ratios of 
metal to phosphorus indicated that all the available phosphate was com- 
bined as a salt. 

It should be emphasized that in all the preparations described here the 
metal residue obtained upon ashing contained silica in amounts ranging 
from 10 to 30 per cent of the total ash. Prolonged washing by the tech- 
nique of Folch et al. (22) tended to reduce this contamination, but no sample 
was completely free from it. As has been shown by Holt and Yates (23), 
lipide samples with free hydroxyl groups have the capacity to bind silicic 
acid and still maintain solubility in organic solvents. 

Although the above observations showed that a significant purification 
could be achieved by rechromatography, there was still a decided contami- 
nant, free glucose, in the ‘‘purified” fraction. Although at first it was 
thought that this sugar was an integral part of the molecule, it was soon 
proved that it was only a contaminant. The sugar was identified by 
two-dimensional chromatograms, with added glucose standard, according 
to the technique described in Block et al. (24). The solvent systems were 
butanol-pyridine-water (45:25:40) and ethyl acetate-pyridine-water 
(2:1:2). In the quantitative measurement of free glucose it was found 
more desirable to use paper chromatography of the samples in 80 per cent 
propanol with development and estimation of the spots by the method of 
Baar (25). In addition, the paper chromatographic technique of Olley 
(9) was used on the purified lipides, as it could be employed on a more 
micro scale. 

It is interesting to note that sugar present in the original lipide mixtures 
ean be equally partitioned between the lecithin and “cephalin” fraction 
by ethanol precipitation. Thus beef liver “lecithin” contained 2 to 3 per 
cent free glucose while the cephalin fraction contained approximately 4 
per cent. In the chromatography of the cephalin fraction on silicic acid, 
the free glucose appeared to be primarily concentrated in the inositide 
fraction. Thus, in one typical run, a beef liver inositide contained 5.3 per 
cent free glucose, while the phosphatidylethanolamine-serine components 
contained no glucose and the lecithin and sphingolipides have a glucose to 
P molar ratio of 0.014. In acomparable sense, rat liver inositide contained 
2.7 per cent glucose, and yeast inositide had a low value of 0.28 per cent 
free sugar. The glucose content of the original yeast cephalin was not 
detectable; hence again the glucose was concentrated in the inositide 
fraction. The most effective manner in which free glucose can be removed 
from the inositide fraction is by use of the washing technique of Folch 
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et al. (22), which resulted in less than 3 per cent loss of material. In many 
cases, however, a repeat washing was necessary to reduce the free sugar 
content to a negligible value. 

Thus, in summary of the purification procedure for these phosphoin- 
ositides, the nitrogenous components present in the fractions examined 
here are contaminants and can be removed by rechromatography on silicic 
acid. The presence of sugar as a contaminant was also noted and this 
ean be effectively removed by use of the Folch washing technique (22). 
However, it is necessary in the case of this washing technique to check for 
the presence of free glucose after the washing procedure. 

Characteristics and Properties of Phosphoinositides—In general the highly 
purified phosphoinositides are stable, solid compounds that can be stored 
for long periods of time. They are not easily oxidized by air and appear 
not to be hygroscopic. The inositides of yeast and rat liver are colorless, 
and the beef liver has a light tan color. This color of the beef liver is due 
no doubt to the difficulty in adequately preventing decomposition of heme 
compounds in processing the liver. 

The phosphoinositides are soluble in chloroform, chloroform-methanol, 
3:2, 99 per cent ether, glacial acetic acid, warm ethyl acetate, partially 
soluble in 95 per cent ethyl ether, and insoluble in acetone, ethanol, and 
methanol. They formed impressive gelatinous solutions in water, a 1 
per cent solution being a very viscous mixture, while a 3 per cent solution 
is practically a stiff gel. The pH of an aqueous solution is in the range of 
5.0 to 5.5. 

Hydrolytic Degradation of Inositides—In an examination of the stability 
of the various inositides under a variety of conditions, it was observed that 
a short term hydrolysis in an acid media provided comparable information 
and degradation products in each case. If one considers the following 
structure as a reasonable picture of the inositides, then hydrolytic scission 
of the molecule could occur at four probable positions: 


A 
CH.zOCOR 
B 
ROCOCH 
O D 
| t OH OH 
CH.OPO Dou 
C Ox OH OH 
X = metal 
(I) 


When the phosphoinositides were heated at 98° in 2 nN HCl for periods 
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ranging from 2 to 30 minutes, preferential attack was noted at Bond C, 
or the glycerol to phosphorus bond, yielding as the major products glye- 
erides and inositol phosphate. Certain interesting physical changes 
occurred in the course of the hydrolysis and are indicative of the stage of 
hydrolysis. Initially a 1 per cent aqueous solution of the inositide, which 
is usually gel-like in nature, is prepared, and to this is added, with rapid 
stirring, sufficient 12 Nn HCl to make a 2 N solution. Within a few seconds 
a rather finely divided precipitate is formed and the mixture is placed in a 
boiling water bath for the desired period of time and adequately stirred 
during this period. After 1 to 1.5 minutes, a pellet of lipide-like material 
is formed and rises to the surface and leaves a water-soluble fraction. At 
the end of the heating period, the mixture is cooled and extracted with 
diethyl ether. The ether-soluble fraction (A) was washed carefully with 
water and the water washings were combined with the aqueous fraction (B). 
This low density material is composed mainly of glycerides, free fatty acids, 
and a trace amount of phosphatidic acid-like compound, while the fatty 
acid-free water-soluble fraction contains mainly inositol phosphate, free 
glycerol, some free inositol, and glycerophosphate. 

The ether-soluble fractions (A) from beef liver, and from rat liver and 
yeast, were further fractionated by the following procedures. 

Beef Liver—The ether-soluble fraction (A) was treated with 2 per cent 
NaeCO; for removal of free fatty acids, phosphatidic acids, and possibly 
unchanged lipide. The sodium carbonate-extractable material was acidi- 
fied, extracted with diethyl ether, and hydrolyzed with 2 nN HCl for 48 
hours. Glycerophosphate, traces of inositol, and free fatty acid were 
found. The carbonate-treated ether layer was then washed with water, 
and this phosphorus-free fraction, composed of glycerides, was then sepa- 
rated by countercurrent distribution between light petroleum ether (b.p. 
40-60°) and 85 per cent ethanol (26). Three lower phases were passed 
through three upper phases. The petroleum ether fraction contained the 
diglycerides and the 85 per cent ethanol fraction contained the mono- 
glyceride. Each fraction was hydrolyzed for 2 hours at a reflux in ethanolic 
0.5 Nn KOH, acidified, and extracted with ether. The ether layer was 
analyzed for fatty acids and the water-soluble fraction for glycerol. 

Rat Liver and Yeast—The ether-soluble fraction (A) from the hydrolysis 
of rat liver and yeast inositides was separated into free fatty acids, diglye- 
eride, and monoglyceride by chromatography on silicic acid with 5, 30, 
and 70 per cent diethyl ether in hexane, respectively, by the procedure of 
Barron and Hanahan.* Phosphatidic acid and any unchanged lipides were 
eluted with methanol. 

The aqueous phase (B), from the original hydrolysis extraction in all 


3 Barron, FE. J., and Hanahan, D. J., unpublished observations. 
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three cases, was then analyzed for free glycerol, free inositol, glycero- 
phosphate, inositol phosphate, and inorganic phosphate. 

The data on these various fractions are recorded in Tables III and IV. 
The same typical hydrolysis pattern was noted for rat liver, beef liver, and 
yeast phosphoinositides. 

In the experiments with beef liver phosphoinositide, the data show that 
preferential attack appeared to be at Bond C with 80 per cent of the 
phosphorus present as inositol phosphate after a 5 minute hydrolysis. 
Although, by comparison, 80 per cent of the fatty acids should be present as 


TABLE III 
Composition of Acid Hydrolysates of Phosphoinositides 
Samples heated at 98° in 2 N HCl for 5 minutes. The results are expressed as 
per cent of theory. 


Fraction Beef liver* Rat liver Yeast 
(1) (2) 
Ether-soluble | Fatty acids as 
Free acids 34 37 22 13 
Diglyceride 43 47 47 50 
Monoglyceride 17 15 23 18 
Phosphatidie acid 14 11 8 18 
Unhydrolyzed sam- l 
ple 
Water-soluble Inositol, free 20 17 7 7 
phosphate SO 70 70 
Glycerol, free 15 11 18 16 
Glycerophosphate 8 4 10 
P; 0 0 0 0 


* In a 30 minute hydrolysis period, the composition of the water-soluble fraction 
was inositol, free, 17; inositol phosphate 82; glycerol, free, 29; glycerophosphate 14; 
P; 2. 


diglycerides, only 40 per cent was obtained. This could be attributed to 
subsequent hydrolytic cleavage of the diglyceride or to the fact that 
degradation at Bonds A and B proceeds at rates similar to that at Bond C. 
The latter is more likely, as diglyceride once formed is not easily attacked 
in an acid solution. For example, 100 mg. of yeast diglyceride treated 
under the same conditions with 2 N HCl] showed only the following release 
of free glycerol: 25 y in 5 minutes, 55 y in 30 minutes, and 95 7 in 90 minutes. 

The attack at position D occurred to the extent of 20 per cent, inasmuch 
as 20 per cent free inositol was found in the 5 minute, 2 N HCl hydrolysates. 
However, on the other hand, 20 per cent glycerophosphate is not found, 
for in 5 minutes a demonstrable amount of “phosphatidic acid” was pres- 
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ent. Thus, approximately 8 per cent of the phosphorus was present as 
glycerophosphate and approximately 12 per cent as a phosphatidic acid- 
like compound. The presence of phosphatidic acid was deduced from the 
observation that in the original ether layer (A, above) there was present 
an acidic compound, extractable with sodium carbonate and with a glycerol 
to P molar ratio of 1.0, and a negligible inositol content (after a 48 hour 
hydrolysis in 2 Nn HCl). 

Subsequent acid hydrolysis of the inositol phosphatide cannot cause 
any substantial change in the results. Thus 8 per cent glycerophosphate 


TABLE IV 


Composition of Glyceride Fractions Obtained on Acid Hydrolysis 
of Beef Liver Phosphoinositides 


Samples heated for 5 minutes; 2 N HCI hydrolysis at 98°. 


Fraction Source Fatty acid Glycerol Ratio, fatty acid 
glycerol 
per cent per cent | 
Diglyceride (1) Beef 87 15.6 1.94 
(2) S7 17.3 1.86 
2s (3) Rat 15.4 
Monoglyceride* (1) Beef 53 17.8 1.10 
(2) 50 15.7 1.16 
(3) Rat 19.1 


* Monoglycerides (1) and (2) from beef liver had 29 and 34 per cent water-soluble 
contaminants after 0.56 Nn KOH hydrolysis. This was equivalent to approximately 
3 per cent of the original phosphoinositide. The silica content of the lipide ac- 
counted for 3.5 per cent of the total weight and it is conceivable that this material 
was associated with the monoglycerides. Holt and Yates (23) have shown that 
lipides with free hydroxyl groups have the hydrogen-bonding capacity to combine 
with silicic acid and render it soluble in organic solvents. The monoglycerides of 
rat liver separated on silicic acid were similarly contaminated. 


can only rise to a maximum of 20 per cent as the phosphatidic acid decom- 
poses. Thereafter any change is due to the liberation of free phosphate 
from inositol phosphate and glycerophosphate. This hydrolysis is usually 
complete within 48 hours, but when hydrolysis is not complete it would 
appear to be the inositol phosphate that is incompletely hydrolyzed, as 
ratios of free glycerol to free phosphorus are always too high. This con- 
clusion was based on the observation that all the glycerol was in the free 
form. 

Alkaline Hydrolysis—Only relatively few experiments have been made on 
the effect of alkaline hydrolysis on the phosphoinositides. However, as 
may be observed from the data in Table V, the mode of attack is distinctly 
different from that observed for acid attack. Apparently the attack at 
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Bond D is much greater than at Bond C, since a 59 per cent yield of glycero- 
phosphate was obtained while only a 35 per cent yield of inositol phosphate 
was found. The fact that hydrolyses were for 2 to 5 hours instead of 5 
minutes was not of import because inositol phosphate and glycerophos- 
phate, once formed, cannot interconvert. 


TABLE V 


Distribution of Water-Soluble Components after Hydrolysis of Beef 
Liver Phosphoinositide in 0.6 n KOH (at Reflux) 


Per cent of theory after 
Substituent* 
2 hrs. 5 hrs. 
Glycerophosphate. 59 59 


* Fatty acids completely in free form. 


DISCUSSION 


The number of detailed studies on the chemical nature of the mono- 
phosphoinositides of mammalian tissue have been rather limited. T'aure 
and Morelec-Coulon (4) have presented data on the composition of a 
“slyceroinositophosphatidic acid” of cardiac muscle. In this report as well 
as in a brief note by Hawthorne on liver inositides (27), the possibility of a 
phosphatidyl inositol (1) type structure for these complex lipides was 
suggested. McKibbin (3) has reported on the isolation and properties of 
a low nitrogen, sugar-free inositide from horse and dog liver. The data 
reported by McKibbin were also indicative of a structure such as (I). 
However, since many questions, such as location of fatty acids, point of 
attachment of phosphate grouping, configuration of the glycerol, etc., 
remained unanswered, it appeared reasonable to consider such a formula- 
tion as tentative. 

In a recent investigation in this Laboratory (5), it was found that over 
%) per cent of the phosphoinositides of beef liver, rat liver, and yeast could 
be obtained as a single fraction by silicic acid chromatography. Although 
these fractions contained low amounts of nitrogen, results of the present 


‘The more rapid or specific hydrolysis of fatty acid esters by alkali leaves free 
hydroxyl groups on the glycerophosphate portion of the resultant inositide frag- 
ment (glycerylphosphory] inositol) to compete with those on the inositol phosphate 
for evelic ester formation. Thus equimolecular amounts of glycerophosphate and 
inositol phosphate are more likely to be found in alkaline hydrolysates. 
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investigation show that these non-inositol-containing nitrogenous impurities 
can be removed by rechromatography on silicic acid. When these fractions 
were finally washed two to three times by the technique of Folch e¢ al. (22), 
sugar-free preparations were obtained. The elementary analyses on these 
inositides were in agreement with the proposed Formula I. The infrared 
spectra showed comparable patterns with all three sources and were indic- 
ative of a typical glyceride structure (28). The most significant informa- 
tion on structure was obtained through a study of the degradation products 
of an acid hydrolysis. When the phosphoinositides were heated for 5 
minutes at 98° in 2 N HCl, a preferential release of glycerides and inositol 
phosphate was noted. In view of the recoveries of the various components 
(see under ‘“Results’’), the data strongly support the proposal that the 
fatty acids are esterified to the glycerol portion of the molecule. In addi- 
tion it was evident that the inositol and glycerol were linked through a 
phosphate ester. 

At the present time, only rather indirect evidence can be offered as to 
the exact point of attachment of the phosphate to the glycerol or to the 
inositol. However, by a comparison of the optical activities of the inosi- 
tides (fa], +5.5°) with those of known phosphatidyl derivatives ({al, 
+6.0°), it is provocative to consider that one site of esterification is located 
at the a-carbon of the glyceride molecule. However, as is obvious, this 
type of data in itself is not sufficient for complete structure proof. In 
view of the proposed stereochemical configuration of myo-inositol (29), the 
most likely site of attachment would be the 2 position. Although hydro- 
lytic procedures have been used for some time to isolate and establish the 
position of the phosphate ester group, the possibility of phosphate migra- 
tion on inositol esters is great and is, in fact, indicated by the rapid rate of 
hydrolysis of the glycerol-phosphate bond with acid. As pointed out by 
Brown and Higson (30), this undoubtedly occurs through a cyclic ester 
intermediate. Hence a detailed examination of the position of phosphate 
on inositol phosphates, obtained by hydrolytic means, would be of doubtful 
significance. Thus, as emphasized by Brown and Higson (30), it appears 
entirely possible that the inositol-m-diphosphate, isolated via an acid 
hydrolysis of brain inositides by Folch (21), may well not represent the 
original positioning of the phosphate in the intact phosphoinositide. Thus, 
studies on compounds such as the inositides must be conducted with the 
understanding that phosphate migrations, acyl migrations, cyclic ester 
formation, possible oxidative changes, etce., can provide a formidable 
impediment to structure proof. It is evident from these remarks and the 
results of these experiments that additional studies on naturally occurring 
as well as synthetic model compounds must be completed before a final 
confirmation of Formula I as the correct one for the monophosphoinositides 
is established. 
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In a recent note, Dils and Hawthorne (31) described a procedure for the 
chromatographic separation on cellulose acetate of the phosphoinositides 
obtained from a commercial preparation of guinea pig liver lipides. In 
this technique the nitrogen to phosphorus molar ratios were reduced by a 
factor of 50 per cent (z.e. from 0.33 to 0.18). Contrary to our findings on 
the chromatography of inositides on silicic acid, Dils and Hawthorne 
reported that it was not possible to elute the inositides from untreated 
silicic acid unless pure methanol were used. Perhaps the phosphoinositides 
of guinea pig liver are decidedly different from those of beef liver or rat 
liver, or else there is the possibility that the lipides had undergone some 
alteration in the original commercial preparation. 

In confirmation of Long and Penney (382), it was found that aqueous 
solutions of the phosphoinositides were not hydrolyzed by the lecithinase 
A of Crotalus adamanteus in pH range 6 to 8 (phosphate buffer), in either 
the presence or the absence of ether. The activity of the venom prepara- 
tion was checked on yeast lecithin and followed by the decrease in ester 
groups by the method of Stern and Shapiro (6). 


SUMMARY 


The chemical nature of the highly purified metal containing mono- 
phosphoinositides of rat liver, beef liver, and yeast has been investigated. 
When these sugar-free, nitrogen-free compounds were subjected to a short 
term acid hydrolysis (5 minutes at 98° in 2 nN HCl), the main products 
were glycerides and inositol monophosphate. Coupled with elementary 
analyses, infrared spectra, and optical activities, the most probable struc- 
ture of these phosphoinositides is that of a diacyl] derivative of glyceryl- 
phosphorylinositol (phosphatidy] inositol). 
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THE UTILIZATION OF v-LEUCINE FOR 
GROWTH BY THE RAT* 


By M. RECHCIGL, Jr., J. K. LOOSLI, anp HAROLD H. WILLIAMS 


(From the Departments of Animal Husbandry and Biochemistry and 
Nutrition, Cornell University, Ithaca, New York) 


(Received for publication, October 29, 1957) 


Experiments in vivo have demonstrated that animals are able to invert 
certain D-amino acids to their natural forms (1-4). This inversion has 
been repeatedly confirmed in studies with different species of animals by 
their ability to utilize the p enantiomorphs for the purposes of growth or 
maintenance of nitrogen equilibrium. In the case of the rat, the p isomers 
of histidine (5, 6), methionine (7-10), phenylalanine (11-13), tryptophan 
(14-17), tyrosine (18), and, more recently, valine (4, 19, 20) were shown 
tosupport growth.!. The unnatural isomers of isoleucine (21-23), threonine 
(24), lysine (25-27), and cystine (28), on the other hand, were inactive. 

The question of the utilization of p-leucine remains unsolved, although 
it is generally assumed that the p enantiomorph is of no value for the 
growth of rats. Rose (21) drew this conclusion from earlier, but yet 
unpublished, studies in his laboratory (S. 8S. Tierke, thesis, University of 
Illinois, 1936). This conclusion is at variance with the later demonstra- 


tion by Ratner, Schoenheimer, and Rittenberg (3), using deuterium and 
— N® that p-leucine can be converted to the L form by rats. More recently, 
_ p-leucine was also shown ‘to be utilized to some extent in maintaining 
nitrogen equilibrium in the presence of a small but inadequate supply of 


L-leucine in the adult rat (29). 
In recent studies on the utilization of p-valine for growth of rats,? 


- Wretlind (19) observed that 2 per cent of p1-leucine in the diet caused 


growth inhibition which could be prevented by replacing the racemic 
amino acid with 1 per cent of L-leucine. Based on this finding, he concluded 
that the utilization of p-valine was blocked by p-leucine, possibly through 
competitive inhibition of the deamination of pb-valine. In view of the 
fact that pu-leucine in the above diet was present in twice the concentra- 
tion of L-leucine, it is possible that the growth inhibition was due to an 
excess of leucine rather than to the presence of the p isomer. It is well 


*Supported largely through a grant to Cornell University from the Herman 
Frasch Foundation for Chemical Research. 

'More recent studies were reported, demonstrating the growth effects of p-ar- 
ginine (58). 

7A review of these studies was published (30). 
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known that an excess of leucine in the diet can cause a growth inhibition 
(31), but there is little evidence for an inhibitory effect of p-amino acids 
(8, 12, 32, 33). .L-Leucine was, in fact, shown to be more toxic than its 
p isomer (31, 34). This hypothesis would of course imply that some of 
the p-leucine is utilized for the growth of rats. 

Further support of the postulation that p-leucine may be utilized by a 
growing rat and that this additional amount of leucine may be responsible 
for growth inhibition is given by the recent data of Womack, Snyder, and 
Rose (20). These workers found that the growth inhibition of rats on 
diets containing p-valine can be prevented by replacing 2.4 per cent of 
pL-leucine with either 1.2 per cent of L-leucine or with 1.2 per cent of pt- 
leucine. In addition, a decrease in growth resulted when the amount of 
L-leucine was doubled. 

If this hypothesis is correct, then p-leucine should, at least in part, 
support the growth of rats fed leucine-free diets. The present study sup- 
ports this view. 


EXPERIMENTAL 


All the amino acids used were commercial products. Isoleucine was 
obtained from the Nutritional Biochemicals Corporation, Cleveland, 
Ohio, while the remaining amino acids were purchased from the Mann 
Research Laboratories, Inc., New York. 

The p-leucine® used showed a specific rotation of [a], —15.1° (0.919 gm. 
in 25 ml. of 6 N HCl) as compared to a value of —15.6° given by Price, 
Gilbert, and Greenstein (35) and Fischer and Warburg (36). The rota- 
tion of the L-leucine was [a], +15.2° (0.880 gm. in 25 ml. of 6 N HCl). 
The values reported by Price, Gilbert, and Greenstein and Fischer and 
Warburg are +15.9° and +15.8°, respectively. 

The p-leucine was tested for the presence of the L isomer by the micro- 
biological assay of Steele et al. (37),* in which Lactobacillus citrovorum was 
used as the test organism. Graded levels of p-leucine from 25 up to 300 y 
per tube did not stimulate the growth, whereas as little as 2 y of L-leucine 
caused a response of the organism. These data suggest that, if any 
L-leucine was present, it must have been a small amount, less than 1 per 
cent. This small amount of contamination corresponding to less than 
0.01 per cent of the diet would hardly be of any significance in view of the 
data in Table III where it was observed that as much as 0.21 per cent of 
L-leucine in the diet was barely sufficient to maintain the animal’s body 
weight. 3 


3The p- and L-leucine products used by Fierke and Rose had a specific rotation 
of —13.09° and +13.46°, respectively. 

4 The authors are indebted to Dr. L. C. Norris of the Department of Poultry Hus- 
bandry for making these determinations. 
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Albino rats of the Yale strain, weaned at 21 days of age and fed for 1 
week on a stock diet, were used. The animals of both sexes were distrib- 
uted among the experimental groups, each consisting of two males and 
two females and totalling the same weight at the onset of the treatments. 
Each rat was housed in a separate cage with a raised screen bottom. Food 
and water were allowed ad libitum. The rats were weighed daily for the 
first 10 days and less frequently in the remaining part of the experimental 
period. The latter ranged from 2 to 4 weeks. 

The basal “nitrogen-free” diet had a percentage composition as follows: 
glucose (Cerelose) 15.0, dextrin 60.8, hydrogenated vegetable fat (Crisco) 
14.0, corn oil (Mazola) 2.0, cellulose (Solka-Floc) 2.0, salt mixture (38) 
4.0, and vitamins (blended with sucrose) 2.2. The following vitamins, 
expressed in gm., were included in 1 kilo of vitamin mixture: vitamin A 
concentrate (200,000 units per gm.) 4.5, vitamin D concentrate (400,000 
units per gm.) 0.2, a-tocopherol 5.0, ascorbic acid 45.0, inositol 5.0, choline 
chloride 75.0, menadione 2.25, p-aminobenzoic acid 5.0, macin 4.5, mbo- 
flavin 1.0, pyridoxine-HCl 1.0, thiamine-HCl 1.0, calcium pantothenate 
3.0, biotin 0.02, folic acid 0.09, and vitamin By, 0.002. Different experi- 
mental diets were prepared by the inclusion of an amino acid mixture and 
of different levels and isomers of leucine and by a modification of the 
above diet at the expense of the dextrin. 

The amino acid mixture presented in Table I was composed of the 
essential amino acids, including cystine and tyrosine, and was patterned 
after the composition of the rat carcass (39). The hydrochlorides of 
arginine, histidine, and lysine were neutralized by the addition of stoichio- 
metric amounts of NaHCO;. Urea and the “poorly” invertible p-amino 
acids (40) of the racemic isoleucine, threonine, and some valine served as a 
source of nitrogen for the synthesis of non-essential amino acids. The 
above mixture supplied 1.77 and 1.86 per cent of N in the absence and the 
presence of leucine, respectively. These figures include 0.73 per cent of N 
supplied by urea and 0.23 per cent of N supplied by the p-amino acids. 


Results 


The results of the first experiment are summarized in Table II. The 
nitrogen-free diet was compared with diets supplemented with the mixture 
of amino acids both in the absence and presence of the two enantiomorphs 
of leucine. Leucine was fed at the level of 0.85 per cent of the diet. This 
figure was based on the requirement determined from carcass analyses 
as Was previously mentioned. Two additional diets were compared, one 
containing only 50 per cent of the required L-leucine (7.e. 0.425 per cent of 
the diet) and the second containing 50 per cent of L- and 50 per cent of 
D-leucine. The purpose of inclusion of the two diets was the possibility 
that, if the p-leucine would fail to support growth in the absence of the 
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L isomer, it might do so in its presence as was reported with certain amino 
acids (33). 


TABLE 
Composition of Amino Acid Mixture 
Weight 
gm. 
Lysine 1.25 
Methionine.......... ().22* 
Phenylalanine........ 0.48* 
Threonine....... 1.02* 
Tyrosine. . 0.38 
Cystine.. 0.20 
Sodium 0.99 
Urea..... 1.56 
Total. ... 9.84 


*Racemic acids. 
t Isoleucine was actually a mixture of L-isoleucine with p-alloisoleucine. 


TaBLeE II 
Comparative Growth Response of L- and p-Leucine 


Nature of diet Average gain od NNRt 
gm. gm. ml. 
Nitrogen-free.. —18 + 1.4f} 73 | 76 |—0.25 
Leucine-free. . ..../-13 + 1.6} 64] 88 |—0.21) —12 4 
0. 85% L- .. 56 + 0.4 | 232 | 239 0.24 13 17 
+ 0.85% 38 + 3.9 | 154 | 230) 0.21 11 7 
+ 0.425% w-leucine.... . 46 + 3.0 | 195 | 283 | 0.23) 13 
+ 0.42597, L-leucine + 
©. 52 + 6.0 | 223 | 244 | 0.23) 13! V7 


Kach experiment covered 27 days. Four rats were employed in each experiment, 
and these animals had an average 
initial weight of 49 gm. 

+ For the explanation of these terms, see the paper of Rechcigl, Loosli, and Wil- 
liams (41). 

t Standard error of the mean. 


The data show that rats ingesting the leucine-free diet for 4 weeks lost 
13 gm. of body weight, as compared with the loss of 18 gm. on a regimen 
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completely lacking in the essential amino acids. Supplementation of the 
diet devoid of leucine with either enantiomorph of the latter resulted in a 
marked stimulation of growth. This is especially well illustrated in Fig. 1 
by the growth curves of litter mate rats receiving the three critical regimens. 
Prompt stimulation of growth resulted from the addition of either L- or 
p-leucine after an initial lag of 2 days, and the growth continued to increase 
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Fic. 1. Growth effects of leucine isomers. The numbers in parentheses denote 
the initial and final weights of the rats. All male rats belonged to one and all fe- 
males to another litter. Rats 1 and 2, L-leucine; Rats 3 and 4, v-leucine; Rats 5 
and 6, no leucine. 


with time. The animals fed p-leucine gained on the average 10 gm. during 
the first 10 days and 38 gm. during the total experimental period. The 
control group of animals receiving L-leucine gained 16 and 56 gm. in the 
respective periods. 

Rats receiving L-leucine at a level corresponding to 50 per cent of the 
requirement gained on the average 46 gm. as compared with the gain of 
52 gm. on a similar diet supplemented with the same amount of p-leucine. 

The body weight was invariably related to the amount of food consumed. 
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L isomer, it might do so in its presence as was reported with certain amino 
acids (33). 


TABLE | 
Composition of Amino Acid Mixture 
Weight 

f gm. 
Arginine monohydrochloride.............................! 0.93 
Lysine monohydrochloride...... 1.25 


*Racemic acids. 
t Isoleucine was actually a mixture of L-isoleucine with p-alloisoleucine. 


TABLE II 
Comparative Growth Response of L- and p-Leucine 
Nature of diet Average gain NNRt 
4 1.4f] 73 | 76 |—0.25 
& 1.6] 64] 88 |—0.21) —12 4 
se + 0.85% t-leucine.......| 56 + 0.4 | 232 | 239 | 0.24 13) W 
° + 0.85% p-leucine....... 38 + 3.9 | 154 | 230 | 0.21 11 17 
+ 0.425% t-leucine.... . 46 + 3.0 | 195 |} 283 | 0.23) 13) 
+ 0.4259) L-leucine + 
0.425% w-leucine. ... 52 + 6.0 | 223 | 244 | 0.23) 13) 17 


IXach experiment covered 27 days. Four rats were employed in each experiment, 
and these animals had an average 
initial weight of 49 gm. 

t For the explanation of these terms, see the paper of Rechcigl, Loosli, and Wil- 
liams (41). 

t Standard error of the mean. 


The data show that rats ingesting the leucine-free diet for 4 weeks lost 
13 gm. of body weight, as compared with the loss of 18 gm. on a regimen 
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completely lacking in the essential amino acids. Supplementation of the 
diet devoid of leucine with either enantiomorph of the latter resulted in a 
marked stimulation of growth. This is especially well illustrated in Fig. 1 
by the growth curves of litter mate rats receiving the three critical regimens. 
Prompt stimulation of growth resulted from the addition of either L- or 
p-leucine after an initial lag of 2 days, and the growth continued to increase 
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Fic. 1. Growth effeets of leucine isomers. The numbers in parentheses denote 
the initial and final weights of the rats. All male rats belonged to one and all fe- 
males to another litter. Rats 1 and 2, L-leucine; Rats 3 and 4, v-leucine; Rats 5 
and 6, no leucine. 


with time. The animals fed p-leucine gained on the average 10 gm. during 
the first 10 days and 38 gm. during the total experimental period. The 
control group of animals receiving L-leucine gained 16 and 56 gm. in the 
respective periods, 

Rats receiving L-leucine at a level corresponding to 50 per cent of the 
requirement gained on the average 46 gm. as compared with the gain of 
52 gm. on a similar diet supplemented with the same amount of p-leucine. 

The body weight was invariably related to the amount of food consumed. 
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Rats fed a leucine-free diet consumed 64 gm. of food in 27 days. When 
this diet was supplemented with p-leucine, the food consumption increased 
to 154 gm. Other regimens resulted in even higher food intakes. 

The consumption of water was in general related to the food intake and 
thus to the body weight. This relationship was especially striking in the 
case of a leucine-free diet on one hand and a leucine-supplemented diet on 
the other. In contrast to the food intakes, no real differences were observed 
in water consumption among diets containing different levels or isomers of 
leucine. The food intake is apparently a better indicator of the nutriture 
of the animal than water intake. In addition, large individual variations 


III 
Comparative Growth Response of L- and pi-Leucine 
Nature of diet Average gain NNRt 
1.9f} 57 | 75 |-—0.19) 
Leucine-free........................| & 0.3 | 43 | 57 |—0.20) —11 3 
+ 0.21% w-leucine..... 1 +0.2| 60; 0.02 1; 
+ 0.425% ....) 27 241.1] 109] 139 | 0.25) 14); 19 
+ 0.425% vu-leucine...; 12 41.2] 107) 0.15 S| 16 
+ 0.85% ...| 24 2.7] 125] 142; 0.25 13] 18 


Mach experiment covered 14 days. 
Four rats were employed in each experiment, and these animals had an average 
initial weight of 53 gm. 

+t For the explanation of these terms, see the paper of Rechcigl, Loosli, and Wil- 
liams (41). 
t Standard error of the mean. 


occurred in the amount of water consumed, whereas the figures for the 
food intakes were essentially uniform. 

The food and nitrogen efficiency values included in Table II show that 
the p isomer of leucine is only slightly less efficient than its natural anti- 
pode. In view of this, it is conceivable that the difference in gains on the 
leucine diets was due, for the most part, to the different food intake. 

In order to obtain further information regarding the utilization of b- 
leucine, a second series of experiments was undertaken with the L-amino 
acid and the racemic amino acid. The results are presented in Table III. 
The nitrogen and leucine-free diets were compared to the latter regimen 
supplemented with two different levels of L- and pt-leucine. L-Leucine 
was fed at a level corresponding to 25 and 50 per cent of the requirement, 
whereas pDL-amino acid was supplied at 50 and 100 per cent. 

If the p isomer of leucine is utilized, one would anticipate a lower growth 
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on a diet containing L-leucine than on a diet containing the racemic acid 
fed at twice the concentration of the former. The data presented in Table 
III essentially demonstrate this idea. The animals receiving 0.425 per 
cent of pL-leucine gained an average of 12 gm., while those which were 
fed 0.21 per cent of L-leucine barely maintained their body weight. A 
similar observation was made on higher levels of leucine, 0.425 per cent 
of L- and 0.85 per cent of pi-leucine, respectively, but the difference was 
less striking. 

Data pertaining to the food and water consumption and the efficiency 
of utilization of the diets are in accord with the data on weight gains. 


DISCUSSION 


The above experiments demonstrate the ability of a growing rat to utilize 
the p isomer of leucine. This observation confirms the earlier isotopic 
studies of Ratner, Schoenheimer, and Rittenberg (3), but is contrary to the 
data from the previous feeding experiments of Fierke (unpublished thesis) 
and Rose (21). 

Ratner, Schoenheimer, and Rittenberg conclusively proved inversion of 
this compound by feeding doubly labeled p-leucine to adult rats and iso- 
lating L-leucine with a considerable amount of deuterium in the carbon 
chain. 

The reason for the discrepancy between these and the earlier feeding 
experiments of Fierke and Rose® is not apparent and cannot be answered 
with certainty at the present time. Although the diet used by these 
workers contained some norleucine, which can be inhibitory, and was in 
general of poorer quality, it would be a mere speculation to say that this 
was the cause. 

The results of the present study are in accord with the demonstration of 
the availability of the a-ketoisocaproic acid for growth of the rat (21, 42) 
and the rapid oxidation of p-leucine by b-amino acid oxidase (43, 44). 

Further evidence for the utilization of p-leucine is furnished by the 
experiments of Anderson and Nasset (29), who studied the effect of L- and 
pbL-leucine on the maintenance of nitrogen equilibrium in the adult rat. 
In similar experiments with chicks it was concluded that the p isomer of 
leucine was active for growth (45). However, man (46) and mouse (47) 
fail to utilize this compound. 

The comparative growth response of L- and p-leucine indicates that the 


*We are grateful to Dr. W. C. Rose, who through personal correspondence has 
indicated that in their earlier studies some utilization of p enantiomorph of leucine 
may have occurred, since feeding of the leucine-free diet caused a greater loss in 
weight than occurred in the rats fed a similar diet supplemented with p-leucine. 
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natural isomer is more effective than the pform. Although the experiments 
were not designed for the determination of the actual amount of b-leucine 
which can be utilized, it is apparent from the results that the percentage 
utilization does not exceed, and is probably less than, one-half of that 
observed with the natural enantiomorph. 

The observations pertaining to less efficient utilization of p-leucine are jn 
conformity with the recent study of ul Hassan and Greenberg (48) concern- 
ing the pathways for the metabolism of the carbon chain of b-, L-, and p1- 
leucine. To judge from the CO, output following the intraperitoneal 
injection of 90 to 100 mg. of leucine-2-C™ to 185 to 200 gm. rats, the p 
isomer was less readily oxidized than the L isomer, and the pt modification 
was oxidized at an intermediate rate. With respect to excretion in the 
urine, a greater amount of radioactivity was found after the administration 
of p-leucine than after the pt or L form. In another experiment with 
phlorhizinized rats, an average of 0.1 per cent of L-leucine was excreted, as 
compared with 0.6 per cent of p-leucine. 

Prior to this work, Schoenheimer’s group (3, 49) demonstrated that 
doubly labeled L-leucine produced tissue leucine containing deuterium in 
a concentration more than twice that of the unnatural isomer. Moreover, 
twice as much of the p form was excreted in the urine. The increased 
excretion of p-leucine was reported following the administration of the 
racemic amino acid (50). Some loss of p-leucine can also be attributed to 
urinary excretion of the corresponding keto acid (51-53). 

Despite the earlier claim that there was no difference in the intestinal 
absorption of leucine isomers (54), it now appears that the p enantiomorph 
of leucine is absorbed more slowly than its natural antipode (55, 56). 

The urinary losses of p-leucine coupled with reduced absorption by the 
intestinal mucosa and lowered oxidation in the tissues may result in lower- 
ing of the amount as well as delaying availability of this amino acid to the 
organism. The importance of the former factor is obvious. The signifi- 
cance of the latter is apparent from the recent demonstration (57) that all 
the essential amino acids must be supplied simultaneously in the diet for 
optimal utilization and prevention of the imbalance. The failure to 
satisfy these conditions may precipitate a mild amino acid deficiency, the 
consequence of which could be a reduced food intake and slower gain in 
weight. 


SUMMARY 


Experiments have been conducted for the purpose of determining whether 
the unnatural enantiomorph of leucine can be utilized by rats. The results 
furnish definite proof that the oral supplementation of leucine-free or 
deficient, amino acid type diets with p-leucine will support the growth of 
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young rats. This finding has been confirmed by the comparison of L- and 
pt-leucine fed at different levels. This is believed to be the first demonstra- 
tion of the utilization of p-leucine for growth of the rat. The difference 
hetween the results of these studies and earlier studies to the contrary may 
be in the composition of the experimental diets. 


Addendum—Studies which have just been completed in our laboratory indicate 
that the presence of norleucine in the diet was in fact responsible for the failure of 
Fierke and Rose to observe any growth-stimulatory effect of p-leucine when fed with 
the diet devoid of leucine. The results of these experiments are being reported 


elsewhere (59). 
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SULFUR METABOLISM IN CHEMICALLY INDUCED 
NECROTIC LIVER DEGENERATION * 


By FRED SNYDERf anv W. E. CORNATZER 


(From the Guy and Bertha Ireland Research Laboratory, Department of Biochemistry, 
University of North Dakota Medical School, Grand Forks, North Dakota) 


(Received for publication, November 1, 1957) 


There is considerable evidence that the sulfur-containing amino acids 
are involved in the production of liver necrosis induced by chemical (1) 
as well as dietary (2) means. Administration of bromobenzene (3), 
carbon tetrachloride (4), or chloroform (5) is capable of causing a centrolo- 
bular necrosis in rats. Koch-Weser et al. (1) have suggested that liver 
damage in bromobenzene-treated rats is an example of a conditioned 
deficiency of sulfur amino acids, and implications of the involvement of 
methionine and cystine in carbon tetrachloride and chloroform toxicity 
are brought out in a review of hepatotoxins by Drill (6). Our studies have 
been based on the assumption that the hepatic injury which results from 
the administration of these halogenated hydrocarbons is a result of a 
disruption of fundamental processes of the liver cell involving the metab- 
olism of methionine and cystine. 

In the present work, the incorporation of S**-labeled methionine into 
liver protein methionine and cystine, the concentration of free sulfhydryl 
compounds (soluble in trichloroacetic acid (TCA)) of the liver and some 
extrahepatic organs, and urinary S** partition were studied 7n vivo at various 
time intervals during the process of liver degeneration. This investigation 
demonstrated that the diminution of free SH compounds in the liver 
after intraperitoneal injection of halogenated hydrocarbons appears to be 
correlated with the onset of acute necrosis and that little change occurs 
in the protein sulfur. 


EXPERIMENTAL 


Male albino rats of the Sprague-Dawley strain weighing 249 + 20 gm. 
were maintained on Purina laboratory chow pellets. All animals were 
fasted 24 hours before the start of the experiments. Water was available 
at all times. At the end of the 24 hour fast, different groups of rats were 
injected intraperitoneally with equimolar (5 X 10-4 mole, “single dose,”’ 


* Supported in part by grants from the United States Atomic Energy Commission 
(CAT-11-1-479), Department of the Army, Office of the Surgeon General (DA-49- 
007-MD-698), and Lipotropic Research Foundation. 

t Predoctoral Fellow of the National Heart Institute. 
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or 1 X 10-* mole, “double dose,” in 0.2 ml. of corn oil per 100 gm. of body 
weight) corn oil solutions of bromobenzene (1, 3), carbon tetrachloride, or 
chloroform to produce liver degeneration. Corn oil (0.2 ml. per 100 gm 
of body weight) was similarly given to the controls. 15 uc. of L-methionine. 
S*> (in 0.3 ml. of saline) were administered intraperitoneally immediately 
after injection of the test compounds or of corn oil. 

Analysis of Liver Acid-Soluble and Protein Fractions—The rats were 
killed by decapitation at various time intervals after administration of the 
methionine-S**. The liver, after being rapidly removed, was divided into 
two samples, one for histological examination and the other, which wa; 
weighed, for fractionation into acid-soluble and protein components. 

The acid-soluble constituents were removed from the tissue by extracting 
the sample with cold 10 per cent TCA. After removal of the TCA by 
ether extraction, aliquots of the resulting aqueous solution were analyzed 


for sulfhydryl and potential sulfhydryl groups (7), 7.e. cystine, cysteine, | 


glutathione, etc. No methionine was detectable in this fraction by the 
method employed (8). 

The lipides were removed from the TCA-insoluble residue by extraction 
for 6 hours with a 2:1 (v/v) 95 per cent ethanol-ether mixture in Soxhlet 
continuous extractors. The lipide-free protein residue wasthen hydrolyzed 
with 20 per cent HCI-50 per cent HCOOH (9) for 24 hours. This mixture 
was used in order to minimize the destruction of the sulfur-containing 
amino acids. The protein hydrolysates were decolorized with Darco-KB 
charcoal. Aliquots of the hydrolysate were then analyzed for cystine (7) 
and methionine (8), and nitrogen was determined by the semimicro- 
Kjeldahl method. 

Aliquots representing the total protein-S** were oxidized with a HCIl0-- 
HNO; and a HCIO,-aqua regia mixture (10) in a Slaco test tube heater. 

Cystine was separated from the methionine on another aliquot by 
precipitation of the cystine as a mercaptide (11). Methionine carrier 
(10 mg.) was added before precipitation to avoid contamination of the 
mercaptide with any methionine-S*®, The mercaptide was oxidized as 
described above. 

The oxidized samples were adjusted to pH 3 and the sulfate was precipi- 
tated, collected, and assayed as the benzidine salt (10). Methionine-S* 
was calculated as the difference between total and cystine-S**. Identical 
geometry of all samples was obtained by the addition of carrier cystine 
before mercaptide precipitation or of NaSO, carrier before precipitation 
with the benzidine dihydrochloride reagent. The radioactivity measure- 
ments were made with a thin window Geiger-Miiller tube and, after correc- 
tion of the radioactivity for decay, the specific activities of methionine and 
cystine were calculated. The specific activity is defined as counts per 
minute X body weight per mg. of amino acid sulfur X dose administered. 
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Analysis of Extrahepatic Tissue—The quantity of free sulfhydryl com- 
pounds was determined in the kidney, spleen, and heart after the adminis- 
tration of a single or double dose of either bromobenzene or carbon tetra- 
chloride by intraperitoneal injection. The preparation of tissue and 
analysis for SH groups were carried out in the manner outlined above. 

Urine Analysis—After administration of the agents or corn oil and the 
methionine-S** as described above, each rat used in the urinary partition 
experiment was placed in an individual metabolism cage which allowed 
the separation of urine and feces. 30 hour urine samples were collected 
and made phosphate-free (12), after which total and inorganic-S* activities 
were determined. The organically bound S** was calculated as the differ- 
ence between these two fractions. ‘The method of assay was the same as 
that described above. To obtain identical sample thickness, carrier sul- 
fate was added before precipitating the samples as the benzidine salt. 
All urine samples were tested for the presence of mercapturic acid (13). 


Results 


Table I shows the effect of a single dose of hepatotoxic agents on the 
protein sulfur and the acid-soluble sulfhydryl fractions in the liver at 
different time periods during the process of cellular damage. The data 
indicate that, even though the non-protein SH compounds are markedly 
decreased as in the bromobenzene-treated animals, there exists little change 
in the turnover of the protein fraction of either methionine or cystine. 
There was no significant change in the S:N ratio of the liver under any of 
the conditions employed in these experiments. 

It should be noted that the depletion of free SH groups at 1, 3, and 6 
hours after administration of bromobenzene is followed by an increase to 
a value above that of the control at 30 hours with the single dose of agent. 
The decrease in SH groups was found to be detectable as early as 15 minutes 
after injection and to obey an exponential function during the first 2 hours 
after injection (Fig. 1). In view of the observed increase in the sulfhydryl] 
compounds at 30 hours and of some previously reported data (14) obtained 
by using a double dose of agent, it seemed desirable to compare the effects 
of two different doses of bromobenzene and carbon tetrachloride on the 
free sulfhydryl content of various organs at different time periods after 
intraperitoneal injection of theagent. The data in Table II show that the 
decreased concentration of SH compounds observed in the liver at 3 hours 
was still present at 24 hours with a single dose of bromobenzene and at 36 
hours with a double dose of this compound. The increase in SH com- 
pounds over controls at 36 hours after injection of the single dose was 
again apparent. The findings for the kidney paralleled those for the liver. 
A smaller decrease in the sulfhydryl content of the spleen and heart was 
observed in the later time intervals only. A diminution of SH groups in 
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Administered Intraperitoneally 


TABLE I 


Protein Turnover and Acid-Soluble Sulfhydryl Patterns in Rats during Development 
of Hepatic Injury Induced by Halogenated Hydrocarbons 


Protein 
ial No. io, . 
fo. of Acid-soluble SH compoundst 
sulfur specific specific 
protein activity activity 
nitrogen 
mg. per gm. wet mg. 
1 hr. weight protein N 
Corn oil 3 0.067 15.9 + 6.0 |) 9.3 + 1.1 |0.93 + 0.01 |'26.4 + 0.0 
Bromobenzene | 3 0.070 18.8 + 3.0 12.6 + 1.3 |0.54 4 0.11$,15.0 + 2.5 | 
Carbon tetra- | 3 0.069 11.3 + 1.4 | 9.7 + 0.8 {0.72 + 0.01$21.0 + 0.2§ 
chloride 
Chloroform 3 0.059 20.7 + 2.5 13.2 + 0.8§$0.78 + 0.06f/21.0 + 2.7 
3 hrs. 
Corn oil 3 0.060 | 9.2 + 0.9 | 9.5 0.9 |1.08 + 0.07 |33.0 + 2.6 
Bromobenzene | 3 0.064 12.4 + 0.4$11.1 0.8 10.39 + 0.08$)11.3 + 2.3 
Carbon tetra- 2 0.066 | 7.6 + 0.8 | 6.3 + 0.6$10.87 + 0.10 |27.0 + 0.5 
chloride 
Chloroform 2 0.071 11.94 1.5 9.9 + 1.4 |0.82 + 0.03$23.9 + 1.4$ 
6 hrs 
Corn oil 3 0.062 | 8.2 + 0.4 | 8.4 + 0.4 |1.07 + 0.04 (33.1 + 3.4 
Bromobenzene | 3 0.068 (11.3 + 1.5§ 8.6 + 0.4 (0.29 + 0.02f) 9.3 + 0.4} 
Carbon tetra- 1 0.070 | 6.0 8.7 0.98 29.8 
chloride 
Chloroform 2 0.061 11.8 + 1.5 |10.6 + 0.5$0.79 4 0.03f/24.2 + 1.5$ 
30 hrs 
Corn oil 3 0.059 | 9.4 + 0.3/8.5 + 0.1 0.99 + 0.06 40.1 + 6.3 
Bromobenzene | 3 0.051 | 8.8 + 0.6) 8.8 + 0.2 1.61 + 0.30 55.6 + 8.0 
Carbon tetra- 2 0.060 | 6.8 + 0.7§ 7.2 + 1.2 0.66 + 0.11§ 21.7 + 6.0$ 
chloride 
Chloroform 3 0.060 10.3 + 1.1| 6.9 + 0.9 1.11 + 0.07 43.4 + 3.3 


*5 X 10-4 mole of agent per 100 gm. of body weight injected intraperitoneally. 
Specific activity = counts per minute X body weight per mg. of amino acid S X dose 


administered. 


t Reported as mg. of cystine. The figures preceded by the + are the standard de- 


viation. 


t <0.01, the probability, calculated from Chambers (33), that the difference be- 


tween the observed mean and the control is due to chance. 


§ <0.05, the probability, calculated from Chambers (33), that the difference be- 


tween the observed mean and the control is due to chance. 
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the various organs of carbon tetrachloride-treated rats was more pro- 
nounced when a double dose of this agent was employed. A consistent 


0.5, °~°CONC. 
(CONC.x10) 


0 30 60 90 120 


MINUTES 


Fig. 1. Effect of intraperitoneal injection of bromobenzene (1 X 10-* mole per 
100 gm. of body weight) on the concentration of acid-soluble sulfhydryl compounds 


in rat liver. 


gm. of wet tissue. 


TABLE II 


The concentration of SH compounds is reported as mg. of cystine per 


Acid-Soluble Sulfhydryl Compounds* per Gm. of Wet Tissue after Administration 


of Single or Double Dose of Bromobenzene and Carbon Tetrachloride 


Material administered ee gn Doset Liver Kidney Spleen Heart 
Corn oil 3 2 (0) 0.88 0.55 0.65 0.26 
24 2 | (O) 0.85 0.55 0.60 0.33 

36 2 | (O) 0.91 0.48 0.60 0.28 

Bromobenzene } 3 |S (0) 0.21 0.40 0.61 0.23 
2 | D (0) 0.14 0.37 0.56 0.25 

24 2 |S (4+) 0.42 0.34 0.32 0.19 

2 | D (+) 0.31 0.23 0.40 0.21 

36 2 |S (++) 1.12 0.91 0.38 0.13 

2 | D(+++))| 0.36 0.36 0.19 

Carbon tetra- 3 2 |S (0) 0.64 0.45 0.43 0.15 
chloride 2 | D (0) 0.67 0.36 0.29 0.15 
24 2 |S (+) 0.87 0.55 0.67 0.29 

1 | D (++) 0.63 0.52 0.44 0.22 

36 2 |S (+++) 0.91 0.61 0.62 0.33 

2 D(+++) 0.96 0.85 0.67 0.37 


* Reported as mg. of cystine. 

t S represents a single dose (5 X 10-4 mole per 100 gm. of body weight) of agent; 
D represents a double dose (1 X 10-? mole per 100 gm. of body weight) of agent. 
The figures in parentheses represent the degree of liver damage; (0) normal, (+) 
slight central vein congestion and cell infiltration, (++) slight central necrosis, 
(+++) marked central necrosis. 


decline of SH groups in the liver of CCly- and HCCl;-treated animals is 
also apparent even with the single dose of agent. 


|| 
nent 

0. 
O. 

| 

4 
3 
0 
3 | | | 
ly. 
ose 
de- 
be- 


844 SULFUR METABOLISM IN LIVER NECROSIS 


Urinary partition of the S** reported in Table IIT demonstrates that the 
major part of the S** after administration of bromobenzene is organically 
bound, whereas in the CCl,- and HCCl;-treated animals a greater propor. 
tion of the S** is in the inorganic form when compared to control values. 
In addition, p-bromophenylcysteine mercapturic acid was isolated from 
the urine of bromobenzene-treated rats. 


TABLE III 


Urinary Partition of S** after Administration of Methionine-S*5 
and Halogenated Hydrocarbons 


Per cent total S*5 excretion jn 
oo hr. urine 
Material administered* No. of rats Per 

Inorganic Organic 

fraction fraction 
I 3 7.6 63 37 
Bromobenzene.............. 3 14.3 15f 85f 
3 11.6 74 26 


*5 X 10‘ mole of agent per 100 gm. of body weight injected intraperitoneally. 
t <0.01 = the probability calculated from Chambers (33) that the difference be- 
tween the observed mean and the control is due to chance. 


DISCUSSION 


The protective action of dietary methionine and cystine in regard to 
hepatic damage is well known, and for this reason many workers have 
studied the composition of liver protein with respect to sulfur compounds 
in liver necrosis. Dent (15) showed that the development of acute dietary 
necrosis was not related to a change in the proportion or amount of the 
sulfur-containing amino acids of the liver protein. Olson et al. (16) demon- 
strated that the incorporation of methyl-C'-methionine was not altered 
in dietary necrosis. These same workers also found that cystine-S*®* was 
incorporated into liver protein of necrotic livers at a high rate, despite 
the depressed rate of incorporation into liver coenzyme A. In other dietary 
studies the only significant changes in the total sulfur content of the 
liver were found to occur in the non-protein fraction (17, 18). These 
findings have also been thought to be applicable in explaining liver damage 
caused by chlorinated hydrocarbons (19). 

Our data, as do those above, substantiate the fact that the sulfur- 
containing amino acids in the proteins are not affected to any great extent 
in liver necrosis, since both the turnover and chemical analyses show no 
consistent significant changes regardless of the hepatotoxin injected. How- 
ever, it is apparent that the sulfhydryl content of the trichloroacetic acid 
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fraction is diminished during the process of liver degeneration resulting from 
the intraperitoneal administration of halogenated hydrocarbons. In all 
cases the decrease in SH groups was detectable before any histological 
evidence of liver cell damage. Leaf and Neuberger (17) found a similar 
diminution in the glutathione content of the liver in rats receiving a necro- 
genic diet. ‘This depression could rapidly be restored to normal by dietary 
supplementation of methionine and cystine. ‘The rise in sulfhydryl con- 
centration of the control livers with time (Table 1) indicates that a similar 
restoration did occur in our experiments, since the animals had been fasted 
for 24 hours previous to the start of the experiments. It has been observed 
that HCCl; administered orally will decrease the glutathione content of 
the liver (20) and that administration of SH groups in the form of sodium 
thioglycollate affords a degree of rapid protective action against hepatic 
injury from chloroform (19). Recently it has been reported that a signifi- 
cant decline in the glutathione content of liver occurred in rats after 
administration of chlorobenzene (21) and of bromobenzene (22). It would 
appear that hepatic necrosis of both dietary and chemical origin may have 
a common basis related to the reduction of SH groups in the liver. Certain 
other aspects are not similar, such as the decline in the respiratory rate 
which occurs only in dietary-induced necrotic tissue slices (23). Whether 
or not the prevention of dietary necrotic liver degeneration by selenium 
(24) is in any way related to the hepatic damage by halogenated hydro- 
carbons remains to be seen. 

Histological examinations indicated that the decline of sulfhydryl 
compounds in the liver is well correlated with the onset of necrosis. The 
biological significance of this fact is unknown at present, but evidence has 
been presented indicating that sulfhydryl groups are important in nucleic 
acid metabolism and are thought to be involved in the transfer of formyl] 
groups (25). It seems feasible that the degeneration of liver tissue may be 
a result of interference with the nucleic acid metabolism of the cell, mediated 
through the lack of SH groups. This postulate is tempting when one 
considers that regeneration of liver appears at a time after the rise in SH 
groups to a value above normal. Furthermore, it has been reported that 
a loss of both pentose and deoxypentose nucleic acids from the liver of 
mice occurred in carbon tetrachloride-induced necrosis (26). It has also 
been shown that regenerating liver is more resistant to CCl, injury (27). 

The exponential disappearance of sulfhydryl groups observed in rat 
liver after injection of bromobenzene suggests that this conjugation process 
behaves in a similar manner to the process of removal of benzoate by 
detoxification by glycine (28). The data indicate that the mechanism for 
the decreased concentration of SH groups in the CCl,- and HCC1;-treated 
animals may be of a different nature from that for the detoxification of 
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bromobenzene, since no exponential decrease of sulfhydryl compounds 
was observed in the former case. An osmotic effect of CCl, in the swelling 
of mitochondria has been demonstrated in vitro (29) and such physical 
phenomena affecting membrane permeability may also be responsible for 
an in vivo “leaching effect”’ of sulfhydryl compounds from the intact cells, 
The in vivo loss of pyridine nucleotides (30), adenosine triphosphate (31), 
and coenzyme A (32) in CCl, toxicity lends support to this point of view, 

The urinary partition also substantiates the conclusion that the decrease 
in SH compounds detected in bromobenzene-treated rats is by a different 
mechanism from that in the carbon tetrachloride-treated animals. Bromo- 
benzene is excreted in the urine as a cysteine conjugate (mercapturic acid) 
(13). This conjugate was isolated from the urine of rats receiving this 
agent and accounts for the high percentage of S** found in the organic 
fraction in this case. 


SUMMARY 


Several aspects of sulfur metabolism were studied at various times 
during the process of necrotic liver degeneration caused by intraperitoneal 
administration of halogenated hydrocarbons. No significant changes were 
found to occur in the §** turnover or in the content of the liver protein 
sulfur-containing amino acids, even when there was histological evidence 
of marked necrosis. A pronounced decrease in free sulfhydryl compounds 
(soluble in trichloroacetic acid) preceded necrosis. The decreased sulf- 
hydryl concentration occurred in the liver and kidney and to a lesser 
extent in the heart and spleen. The decreasing content of SH groups of 
the liver obeys an exponential function during the first 2 hours after 
administration of bromobenzene. Urinary partition data showed the 
greater proportion of the urine-S** to be in the organic form in bromo- 
benzene-treated rats and in the inorganic form in the CCl,4- and HCCI; 
treated animals. 

The possible significance of the lowered SH content of the hepatic cell 
in necrosis is discussed. 


The authors wish to express their thanks to Dr. Theodore Snook for his 
histological examinations and to Cathrine E. Snyder and A. H. Walser for 
valuable assistance in carrying out these experiments. 
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STUDIES OF INTERRELATIONSHIPS OF THYROXINE, 
MAGNESIUM, AND VITAMIN Bi* 


By 8S. N. GERSHOFF, J. J. VITALE, 1. ANTONOWICZ, MOTOOMI 
NAKAMURA, anp E, HELLERSTEIN 


THE TECHNICAL ASSISTANCE OF G. S. H. SHEN, P. ConNors, A. I. FARBMAN 


(From the Department of Nutrition, Harvard School of 
Public Health, Boston, Massachusetts) 


(Received for publication, November 11, 1957) 


The increased requirement for vitamin By: in thyrotoxic animals is well 
established (1-3). Vitale et al. (4) have demonstrated that magnesium 
will also partially overcome the growth-inhibiting action of thyroxine 
administration. Uncoupling of oxidative phosphorylation occurs in rats 
made magnesium-deficient either by dietary deprivation of magnesium (5) 
or by thyroxine administration (4). 

In view of these observations, the present study of interrelationships 
between thyroxine, magnesium, and vitamin Bye. was undertaken. 


EXPERIMENTAL 


Male Charles River rats, averaging 57 gm. and housed in individual 
cages, Were used in this study. The basal diet consisted, in per cent, of 
glucose 70, devitaminized casein 20, corn oil 5, cod liver oil 1, Jones-Foster 
salt mix (6) with MgSO, and CaCO; removed 2.25, CaCO; 1.5, and choline 
0.3. Vitamin supplements of 4 mg. of thiamine, 8 mg. of riboflavin, 4 
mg. of pyridoxine, 40 mg. of niacin, and 25 mg. of calcium pantothenate 
were added per kilo of diet. MgO was added as required so that all diets 
contained either 20 or 160 mg. per cent of Mg. Where used, thyroxine 
supplements were 20 mg. and vitamin B,2 20 y per kilo. In the first experi- 
ment six groups of rats were used. After 4 weeks on the experimental 
diets, the rats were decapitated and blood was collected for serum magne- 
sium determinations (7). Serum protein fractions were determined electro- 
phoretically (8). Samples of liver and small intestines were homogenized 
in phosphate buffer, autoclaved for 5 minutes according to the method of 
Scheid et al. (9), and then analyzed microbiologically for vitamin Bz (10). 
After fixation in 10 per cent formalin, sections of one kidney and of stomach 


* Supported in part by grants-in-aid from the John A. Hartford Memorial Fund, 
the Albert and Mary Lasker Foundation, New York, the National Cancer Institute 
(grant No. C-1323C4), Public Health Service, National Institutes of Health, Be- 
thesda, Maryland, and the Fund for Research and Teaching, Department of Nutri- 
tion, Harvard School of Public Health. 
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showing both rumen and glandular stomach from each animal were stained 
with hematoxylin and eosin and examined microscopically. 

A second series of rats was fed certain of the experimental diets for 24 
days. During the succeeding 3 days, the rats were decapitated and 
oxidative phosphorylation efficiency of heart mitochondria was determined 
according to the method of Hogeboom et al. (11). 


Results 


The data obtained from the first series of rats are shown in Tables | 
and II. As previously described (4), increasing the dietary Mg from 20 to 
~ 160 mg. per cent partially protected against the growth inhibition induced 
by thyroxine administration. Growth stimulation of thyroxine-treated 
animals by vitamin By. might have been greater, had larger quantities of 
the vitamin been used. However, a lower level of vitamin By» supple- 
mentation was preferred to prevent the masking of a Mg or thyroxine effect 


on the tissue concentrations of vitamin B,.. The liver vitamin By» values | 


obtained when Diets 20MB and 20MBT were fed indicate that this pre- 
caution was not completely successful. Other than in this instance the 
administration of thyroxine markedly lowered the vitamin By» content of 
liver and small intestines. This was particularly true with Diets 20M and 
20MT. The lowering of tissue vitamin Bi: concentrations by thyroxine 
was reversed by increasing the Mg content of the diet (Diets 20MT and 
160MT). 

As previously reported (4), thyroxine administration lowered serum 
Mg. Vitamin By, did not have any significant effect on serum Mg. It 
must be pointed out that the complexometric titration method used 
for determining Mg in this work (7) consistently gives higher serum Mg 
values than those obtained with the commonly used Titan yellow method 
(12). However, in our hands duplication of results is accomplished more 
easily by using the titrometric method. 

Table II shows the effect of thyroxine and vitamin By: on rat serum 
proteins. The control values obtained with the group on Diet 20M are 
essentially the same as those obtained from the group on Diet 20MB.__ The 
administration of thyroxine resulted in a lowering of total serum protein and 
in a;-globulins and an elevation of a-globulins. There also was a trend 
toward a lowering of y-globulins. The addition of vitamin By. with thy- 
roxine partially reversed the effect of thyroxine on these serum proteins. 
There was no effect of thyroxine on serum albumin. It is uncertain 
whether the 6-globulin values in groups on Diets 20MT and 20 MBT are 
actually raised by the thyroxine treatment. In uncompleted experiments 
in this laboratory, Mg as well as vitamin B,2 appears to reverse the effect 
of thyroxine on serum proteins. The results obtained in this study are 
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similar to those of Mulgaonkar and Sreenivasan (13), who fed rats purified 
diets containing 10 per cent casein plus an additional 0.15 per cent iodinated 
easein and found that, when vitamin By, and folic acid supplements were 


TABLE I 


Effect of Mg, Vitamin By2, and Thyroxine on Growth, Tissue Vitamin Bj:, 
and Serum Mg of Rats 


Vitamin Bi contentt 
Liver Small intestine 

mg. per cent 
20M 10 134+ 9 4+ 8 71+ 7 3.67 + 0.21 
20MB 10 1314 8 90+ 8 97 + 8 3.03 + 0.11 
20MT 8 71+ 7 29 + 5 (7) 444 6 (7) ) 2.32 4 0.22 (7) 
20MBT 7 81+ 11 | 1024+ 9 (6) 71 + 8 (6) 2.09 + 0.28 (5) 
160MT 8 85 + 5 49 + 11 (7) 64 + 6 (7) | 4.22 + 0.21 (6) 
160MBT 7 91+ 5) 131 + 16 100 + 11 4.34 + 0.26 


* 20M, 20 mg. per cent of Mg; 20MB, 20 mg. per cent of Mg + 2 y per cent of vi- 
tamin By2; 20MT, 20 mg. per cent of Mg + 2 mg. per cent of thyroxine; 20MBT, 
2 mg. per cent of Mg + 2 y per cent vitamin Bi, + 2 mg. per cent of thyroxine; 
160MT, 160 mg. per cent of Mg + 2 mg. per cent of thyroxine; 160MBT, 160 mg. 
per cent of Mg + 2 y per cent of vitamin B,2 + 2 mg. per cent of thyroxine. 

t Expressed as millimicrograms of vitamin B,2 per gm. of fresh tissue. The num- 
bers in parentheses refer to the number of samples analyzed when different from 
the number of rats in the group. The values include the standard error of the 
mean. 


TaBLeE II 
Effect of Vitamin By. and Thyroxine on Serum Proteins of Rats 

Diet No. Total protein Albumin ae 
gm. per cot 
20M | 9 6.3 + 0.247.383 + 1.114.9 + 0.610.7 + 1.617.8 + 1.19.3 + 1.4 
XWMB 8 6.2 + 0.147.3 + 2.413.2 + 0.911.7 + 0 619.1 + 1.28.9 + 0.7 
20MT 7 5.7 + 0.147.5 + 3.3 8.3 + 1.215.6 + 0 721.3 + 1.57.0 + 1.1 
2MBT | 7 6.0 + 0 243 O+ 4.410.2 + 1.313 7+0 723.1 + 1 68.9 + 1.2 

The values are presented as percentage of serum protein plus the standard error 


of the mean. 


not given, there were decreases in total serum proteins, decreases in serum 
albumin and a;-globulin, and increases in a@e-globulin and B-globulin on a 
per cent serum protein basis. No differences were found in the percentage 
of y-globulin. The differences in these two studies, particularly in the 
absolute values obtained, are probably the result of the hypoproteinemia 
obtained with 10 per cent casein diets. 
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Table III shows the effect of magnesium, vitamin By, and thyroxine 
administration on oxidative phosphorylation of rat heart mitochondria. 
Cardiac mitochondria were used because they are more sensitive to the 
effects of thyroxine administration and magnesium deficiency than are 
those of liver and kidney. Each day’s determinations were made simul- 
taneously since control values vary somewhat from day to day. The 
values obtained each day are presented separately. The previously demon- 
strated effect of dietary Mg on the thyroxine-induced uncoupling of 
phosphorylation is seen. These data show that, like Mg, vitamin By is 
at least partially effective in reversing the effect of thyroxine in uncoupling 
oxidative phosphorylation. 


TABLE III 


Effect of Mg, Vitamin By2, and Thyroxine on Oxidative Phosphorylation 
of Rat Heart Mitochondria 


P 

Ratio, ~ 

Diet No. 

25th day 26th day 27th day 

20M B 3.26 2.12 2.42 
20MT 1.10 1.09 1.68 
20MBT 1.73 1.79 1.83 
160M BT 2.56 
160MT 2.18 


Kach value represents data obtained on pooled hearts of three rats. 


DISCUSSION 


The interrelationships of thyroxine, vitamin By, and Mg shown in this 
study cannot be fully interpreted at this time. The specific roles of thyroid 
hormones in metabolism are obscure, although apparently related to 
activation of enzyme systems involved in energy production. The in- 
creased requirement of hyperthyroid rats for Mg may in part be related 
to the increased oxygen consumption of their tissues, since Mg is an essential 
part of respiratory enzyme systems. Additional Mg may also be needed 
to overcome thyroxine toxicity by antagonizing the effect of thyroxine on 
mitochondrial structure (14). 

The relationship between vitamin By. and thyroxine is even more obscure. 
du Toit (15) has shown that thyroxine is effective in promoting protein 
synthesis in athyroid rats. Protein synthesis in these animals slightly 
exceeded that observed in normal rats. The administration of excess 
thyroxine results in growth inhibition and, therefore, in impaired utiliza- 
tion of protein for growth. Vitamin B,. partially reverses thyroxine- 
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induced growth inhibition (1-3) and vitamin By, has been shown to play a 
role in the capacity of the normal mammal to utilize protein (16). It 
seems conceivable that thyroxine and vitamin By are related through 
their respective roles in protein metabolism. ‘This is supported somewhat 
by the action of vitamin By. in partially reversing the effect of thyroxine 
on serum proteins. In addition thyroxine appears to affect vitamin By». 
economy. Tissue vitamin By. concentrations of thyroxine-treated rats 
were markedly lower than those of controls. The mechanism by which 
this reduction of vitamin By, took place is unknown. Increased catabolism 
or excretion of vitamin By, or decreased intestinal synthesis of the vitamin 
may have occurred. In any event, the loss of tissue vitamin By: could be 
prevented by Mg administration. This was not a reciprocal relationship. 
Vitamin By, supplementation did not protect against the loss of serum Mg 
in thyrotoxic rats. In one instance (Diets 20M and 20MB) the addition of 
vitamin By, resulted in a statistically significant lowering of serum Mg. 
Histologic examination revealed that two of the control rats (on Diet 20M) 
and one of the animals receiving the control diet plus vitamin By, (Diet 
20MB) showed some calcium deposition within the tubules of the outer 
portion of the renal medulla. This lesion, which is indicative of borderline 
Mg deficiency, was not observed in any of the other animals and is further 
evidence that vitamin By, does not spare Mg. As previously reported 
from this laboratory (17), thyroxine administration appeared to offer 
protection against the renal injury associated with Mg deficiency. Both 
in this work and in a previous study (4), thyroxine lowered serum Meg. 
No explanation for this apparent paradox is presently available. 

Although the administration of vitamin By. or Mg resulted in a similar 
reversal of thyroxine toxicity effects, there is no reason for believing that 
this was entirely the result of their functioning in the same metabolic 
systems. Mg is an essential part of both respiratory and phosphorylation 
systems, but no evidence for a similar role for vitamin Bye is available. 
Whether or not the effect of vitamin Biz on oxidative phosphorylation is 
direct or indirect awaits further work. 

No stomach epithelial abnormality was observed in any of the rats. 
Although marked morphologic changes of the stomach are found in perni- 
cious anemia (18), a disease caused by a systemic deficiency of vitamin By», 
there is no evidence that vitamin By, deficiency in experimental animals 
results in gastric mucosal lesions. The gastric lesions of pernicious anemia 
are probably the cause of impaired vitamin By». absorption in this disease 
and are not the result of vitamin By, deficiency. This does not preclude 
the possibility that vitamin B,. plays an important role in the normal 
functioning of the gastrointestinal mucosa which is metabolically one of 


the most active of animal tissues. The high concentration of intestinal 
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vitamin By, as evidenced by the similarity in the vitamin By» content of 
intestines and liver of the same animals, argues for this possibility. 


SUMMARY 


Interrelationships between thyroxine, Mg, and vitamin Bye have been 
studied. Thyroxine administration results in a loss of tissue vitamin B,, 
which can be prevented by Mg supplementation. Lowered serum Mg 
levels in thyrotoxic rats are not raised by vitamin By»: administration. 
The effects of thyroxine in depressing growth, uncoupling oxidative phos. 
phorylation, and altering serum protein fractions can be reversed at least 
in part by Mg or vitamin Bie. 
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THE INHIBITION OF PLASMIN BY TOXIC 
PHOSPHORUS COMPOUNDS* 


By L. A. MOUNTER anp BARBARA A. SHIPLEY 
(From the Department of Biophysics, Medical College of Virginia, Richmond, Virginia) 


(Received for publication, October 14, 1957) 


Plasmin, the proteolytic enzyme of serum possessing fibrinolytic proper- 
ties, cecurs as an inactive precursor, plasmin, which can be activated by 
treatment with organic solvents. More specific activation is effected by 
certain enzymes such as streptokinase (1). Plasmin is similar in many 
respects to trypsin: not only is there a conversion of the precursor to the 
active enzyme but in both cases this reaction is autocatalytic. The pH 
optima and substrate specificity of plasmin and trypsin are similar; both 
enzymes are inhibited by substances such as pancreatic trypsin inhibitor 
(2). These close resemblances led to the earlier suggestion that the en- 
zymes might be identical. Further experiments have shown that they may 
be differentiated by (a) the relative rates of hydrolysis of certain synthetic 
substrates (3, 4), and (b) the fact that trypsin will liberate additional tri- 
chloroacetic acid-soluble peptides from casein after the reaction of this sub- 
strate with plasmin has proceeded to completion (2). The present inves- 
tigation was undertaken to determine whether plasmin and plasminogen 
would react with toxie organophosphorus compounds known to inhibit 
trypsin (5, 6). Differential inhibition might also serve as an additional 
method for characterizing the two enzymes. 


Materials and Methods 


Plasminogen was prepared from lyophilized Fraction III of human blood! 
by the method of Kline (7). Upon dialysis of the solution (Kline’s Solu- 
tion B), appreciable amounts of crystalline plasminogen were obtained, 
although much of the enzyme remained in the supernatant solution. It 
was found that plasminogen could be precipitated from solution near neu- 
trality by the addition of an equal volume of acetone at —5°. The pre- 
cipitate was readily soluble in 0.01 N HSO, to give a concentrated 
enzyme preparation. It must be noted that this acetone precipitation pro- 
cedure serves as a means of concentrating the enzyme but it does not in- 


* This investigation was supported by a research grant (No. CY-3652) from the 
National Cancer Institute, National Institutes of Health, Public Health Service; and 
an Armed Forces Special Weapons Project (contract No. DA-49-007-MD-725), ad- 
ministered through the Office of the Surgeon General, United States Army. 

' Fraction III of human blood plasma was generously donated by the Red Cross 
National Blood Program from material prepared by E. R. Squibb and Sons. 
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crease the degree of purification greatly over that corresponding to Kline’s 
Solution A. Plasminogen was activated by the addition of 1000 units of 
streptokinase,” followed by incubation at 37° for 5 minutes immediately be- 
fore assay. All inhibitors were allowed to react with the enzyme prepa- 
rations for 30 minutes at 37°. 

The activity of the various samples of plasmin were determined by the 
following methods. 

Proteolysis—Casein was used as the protein substrate. The solution 
(0.5 ml.) to be assayed was added to 2 ml. of a 1 per cent casein solution in 
0.05 m phosphate buffer. A control sample was immediately precipitated 
by the addition of 10 ml. of 5 per cent trichloroacetic acid and subsequent 
samples were precipitated at time intervals (usually 20, 40, and 60 minutes). 
The precipitated casein was removed by filtration with a No. 41 Whatman 
filter paper; a 5 ml. aliquot of the filtrate was removed, to which were added 
10 ml. of 0.56 N NaOH and 3 ml. of diluted Folin-Ciocalteu phenol reagent. 
The intensity of the resulting blue color was measured in a Bausch and 
Lomb Spectronic 20 colorimeter at 650 mu. 

Lysis of Fibrin—The lysis of fibrin clots was followed by mixing 0.3 ml. 
of diluted plasmin solution with 1 ml. of 0.5 per cent fibrinogen (prepared 
by the method of Ferguson (8) from Armour bovine fibrinogen (Fraction I)) 
and clotting with 1 drop of thrombin. The tubes containing the reaction 
mixtures were incubated at 37° in a water bath. The reciprocal of time 
required for lysis of the contents of each tube was used as a measure of the 
activity. 

Hydrolysis of Synthetic Substrates—.-Lysine ethyl ester hydrochloride 
and p-toluenesulfonyl-L-arginine methyl ester hydrochloride were em- 
ployed. In some experiments, the hydrolysis of L-lysine ethyl ester 
hydrochloride was followed by the determination of the blue color formed 
by shaking solutions containing liberated lysine with copper phosphate 
according to the procedure of Hagan et al. (9). Other assays were carried 
out by potentiometric titration (10), a Fisher titrimeter with microelec- 
trodes and microburette being used. The quantity of 0.1 N NaOH added 
to maintain a constant pH was plotted against time and the initial rate 
was determined by extrapolation. Dilute buffers (0.005 mM) were added to 
the original solutions to stabilize the pH, but did not limit the sensitivity 
of the method. 

All determinations were accompanied by controls for non-enzymatic 
hydrolysis. Whenever possible, parallel experiments were carried out with 
trypsin to give a basis for comparison with existing data. 


2 Streptokinase was the gift of Lederle Laboratories Division, American Cyanamid 
Company, provided as lyophilized powder Varidase. 
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EXPERIMENTAL 


It was found that diisopropyl fluorophosphate* would inhibit the pro- 
teolytic activity of plasmin and that this inhibition was non-competitive, 
as demonstrated by the method of Lineweaver and Burk (11) (Fig. 1, A). 

A comparison of the effect of DFP on plasmin and plasminogen was made 
as follows: Four 1 ml. samples of plasminogen were taken. Two of these 
were activated immediately by streptokinase and the four samples diluted 
to a final volume of 10 ml. with phosphate buffer (T 0.1, pH 7.3). Suffi- 
cient DFP was added to one activated (plasmin) and one non-activated 
(plasminogen) sample to give a final concentration of 2 X 10-* m DFP. 
The solutions were incubated at 37° for 30 minutes. At the end of this 
time, the four samples were dialyzed for 90 minutes with constant agitation 
and frequent changes of distilled water; a further 30 minute dialysis was 


TABLE I 
Inhibition of Plasminogen and Plasmin after Treatment with DFP 
Per cent inhibition 
Buffer pH 
Plasmin Plasminogen 
DFP, 10-3 M Phosphate 7.2 62 3 
2X 10°? m 7.8 84 12 
“10-3 M Borate 7.8 76 0 


carried out with phosphate buffer. Streptokinase was added to the two 
remaining non-activated samples and the final volumes were adjusted to 
20 ml. with buffer before plasmin activity was assayed (Table I). It can 
be seen that only after activation is there a significant inhibition by DFP. 
The same result was obtained with borate buffer ([ 0.05, pH 7.8). After 
dialysis of the control plasmin, there was some loss of activity which was 
not restored by addition of the dialysate. This inactivation could not be 
accounted for by autolysis of the activated enzyme, for this retained 95 per 
cent of its original activity when incubated at 37° for the duration of these 
experiments. These observations do not alter the conclusion that plasmin 
is inhibited by DFP whereas plasminogen is unaffected. The results are 
thus analogous to those reported for the reaction of DFP with trypsin and 
trypsinogen (5), and are compatible with those of Kjeldgaard and Ploug 
(12), who demonstrated that the conversion of plasminogen to plasmin by 
urokinase is an enzymatic process involving the liberation of a peptide. 


3 In this paper, diisopropyl fluorophosphate is abbreviated to DFP. 
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Troll, Sherry, and Wachsman (3) have shown that both plasmin and 
trypsin will hydrolyze certain amino acid esters but the relative rates of 
hydrolysis differ with the two enzymes. The results obtained in the pres- 
ent investigation showed the same relative rates of hydrolysis of p-toluene- 
sulfonyl-L-arginine methyl ester hydrochloride and L-lysine ethyl ester 


TABLE II 
Inhibition of Plasmin by Organophosphorus Compounds 


Determinations were made in phosphate buffer at pH 7.6, 37°. Inhibitor and 
enzyme were incubated for 30 minutes before addition of substrate. 


ply* 
Inhibitor Plasmint 
Trypsin 
(a) (b) (c) 
Diethyl fluorophosphate...................| <2.5 | <2.5 | <2.5 (3.5) 
Diisopropyl fluorophosphate............... 3.4 3.7 3.5 | 4.1 (4.2) 
Di-n-butyl | 4.4 4.5 4.2 | 58 (6.1) 
Tetraethyl pyrophosphate . | <2 <2 <2 <3 (<3) 
Tetra-n-propyl pyrophosphate. ............, <2 <2 (2.5) 
phos- 
O,0- Diethy 1-0- 2, 
phate.. <2 <2 
0,0- Diethylhexyl 0- 2, ddidhloroviny| 
phosphate. . .| <3f <3f 
O,0- Dichloroethy!- 2, dichloroviny! phos. 


* pIs50 = negative logarithm of inhibitor concentration required to produce 50 
per cent inhibition. 

t (a) = results from casein hydrolysis; (b) = results from lysis of fibrin clots; 
(ec) = results from hydrolysis of L-lysine ethyl ester hydrochloride. 

t Limit of solubility reached. The figures in parentheses are data of Mounter 
et al. (6). 


hydrochloride as those found by Troll e¢ al. (3) (plasmin 3:5, trypsin 1:20), 
and indicated that the preparations were comparable. 

A number of toxic organophosphorus compounds have been shown to be 
inhibitors of trypsin (6) and the effects of these compounds on plasmin have 
now been investigated (Fig. 2; Table II). The degree of inhibition 1s ex- 
pressed as the negative logarithm of the concentration of the inhibitor re- 
quired to produce 50 per cent inhibition (pls). It has been found that 
there is a bimolecular reaction between plasmin and DFP (Fig. 1, B) as 
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demonstrated by the method of Aldridge (13). Under these conditions 
pls values are arbitrary, although a qualitative basis for comparison 1s 


Be 
oO 
al 
8 16 24 32 5 30 45 60 75 
I/S T( mins) 


Fig. 1. Inhibition of plasmin by DFP. A, non-competitive inhibition by plotting 
reciprocals of velocities against substrate concentrations; B, plot of residual activity 
against time for inhibition by 3 X 10°? mM DFP; linear function characteristic of bi- 


molecular reaction (13). 
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Fig. 2. The influence of the concentration of toxic organophosphorus compounds 
on the inhibition of plasmin. Enzyme was allowed to react for 30 minutes at pH 
7.6 before the addition of substrate. The assay was by casein hydrolysis. 

Fic. 3. The effect of pH on the proteolytic activity and inhibition of plasmin by 
di-n-butyl fluorophosphate. Solid line, activity curve; dotted lines, inhibition 
curves. 


provided if the experimental conditions are standardized (6). In order to 
compare the effeets of each inhibitor with different substrates, data were 
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obtained by the various assay methods described. Within the limits of ex- 
perimental accuracy, identical inhibition was obtained for each substrate, 
indicating that the hydrolyses are due to the same enzyme. Both plasmin 
and trypsin are inhibited by several organophosphorus compounds but 
there is a significant difference between the two enzymes in their reaction 
with dichlorovinyl phosphates. This is most striking with bis-(2-chloro- 
ethyl)-2 ,2’-dichlorovinyl phosphate, which is a potent inhibitor of trypsin, 
but has only slight effect on plasmin. 

The reactions of organophosphorus compounds have been of interest 
because of the information that can be obtained about the nature of the 
active groups of the enzymes they inhibit. The effect of pH on the reac- 
tion of di-n-buty] fluorophosphate with plasmin has been followed by means 
of methods previously described (14). The inhibition reaction is strongly 
pH-dependent and is similar to the pH-dependence of proteolytic activity 
(Fig. 3). This is also the case with trypsin and other DFP-sensitive en- 
zymes (5). 


DISCUSSION 


The present investigation demonstrates that the similarities between 
trypsin and plasmin also extend to the behavior of these enzymes with toxic 
organophosphorus compounds of the DFP type. The pH-dependence of 
the reactions between (a) the enzyme and substrate and (b) the enzyme 
and inhibitor is similar to results obtained with other enzymes which react 
with DFP and probably involve common factors in the mechanism of 
reaction. Ronwin (15) has recently made an analysis of the kinetic prop- 
erties and substrate specificity of thrombin, plasmin, and trypsin; he con- 
cludes that the active centers of each of the three enzymes are closely re- 
lated structurally. In general, plasmin appears to be less susceptible to 
inhibition by organophosphorus compounds than is trypsin. The differ- 
ence in reactivity might be attributed in part to the degree of purification 
but this is insufficient to account for the marked differentiation shown by 
the reactivity of the dichlorovinyl phosphates. The failure of these phos- 
phates to react with plasmin provides an additional criterion of distinction 
between plasmin and trypsin. 


SUMMARY 


It has been demonstrated that plasmin, the proteolytic enzyme of serum, 
is inhibited by toxic organophosphorus compounds of the diisopropy] fluoro- 
phosphate type. Plasminogen, the inactive precursor of plasmin, is not 
affected by diisopropy! fluorophosphate. 

Differential inhibition provides additional distinction between plasmin 
and trypsin. 


— 


a Wb 


. Ronwin, E., Canad. J. Biochem. and Physiol., 36, 743 (1957). 


L. A. MOUNTER AND B. A. SHIPLEY 


BIBLIOGRAPHY 


. Christiansen, L. R., and McLeod, C. M., J. Gen. Physiol., 28, 363 (1945). 

. Christiansen, L. R., and McLeod, C. M., J. Gen. Physiol., 28, 559 (1945). 

. Troll, W., Sherry, S., and Wachsman, J., J. Biol. Chem., 208, 85 (1954). 

. Ronwin, E., Canad. J. Biochem. and Physiol., 34, 1169 (1956). 

. Balls, A. K., and Jansen, E. F., Advances in Enzymol., 18, 321 (1952). 

. Mounter, L. A., Tuck, K. D., Alexander, H. C., 3rd, and Dien, L. T., J. Biol. 


Chem., 226, 873 (1957). 


. Kline, D. L., J. Biol. Chem., 204, 949 (1953). 
. Ferguson, J. H., in Tullis, J. L., Blood cells and plasma proteins, New York, 85 


(1953). 


. Hagan, J. J., Ablondi, F. D., and Hutchings, B. L., Proc. Soc. Exp. Biol. and Med., 


92, 621 (1956). 


. Schwert, G. W., Neurath, H., Kaufman, S., and Snoke, J. E., J. Biol. Chem., 


172, 221 (1948). 


. Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 56, 658 (1934). 

. Kjeldgaard, N. O., and Ploug, J., Biochim. et biophys. acta, 24, 283 (1957). 

. Aldridge, W. N., Biochem. J., 46, 451 (1950). 

. Mounter, L. A., Alexander, H. C., 3rd, Tuck, K. D., and Dien, L. T., J. Biol. 


Chem., 226, 867 (1957). 


861 
7 
| 
i £2 
13 


t! 
t] 
t] 
(). 
St 
aD 
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In recent years a number of studies have been carried out on the exchange 
between mineralized tissues and synthetic hydroxylapatite and a solution 
containing radioactive phosphate or calcium. Neuman and Mulryan 
(1) have shown that there is a considerable difference between the exchange 
with ashed bone compared with that of fresh bone, the exchange with ashed 
bone coming to equilibrium very quickly, while that with fresh bone con- 
tinues to exchange over a considerable period of time. This exchange with 
unashed bone has been explained by recrystallization. Dawson (2) has 
shown that Ca** exchange with fresh adult ox bone comes to approximate 
equilibrium quickly, indicating that the reaction was one of surface ex- 
change, with a gradual exchange thereafter, probably brought about by 
recrystallization. Recently Weikel, Neuman, and Feldman (3) have: 
shown that there are actually three separate reactions which occur: ex- 
change of ions in the bulk of the solution with ions in the hydration shell, 
interchange of ions from the hydration shell with ions in the crystal surface, 
and an interchange of surface ions with subsurface ions. 

In this paper we have been interested in the exchange of P® with syn- 
thetic hydroxylapatite, enamel, dentin, and bone, and have indicated that 
the organic matter present in these tissues may play an important part in 
the rate of exchange in addition to the recrystallization process. 


Methods 


Samples of synthetic hydroxylapatite, human enamel and dentin, and 
rat dentin and femur were obtained from studies reported previously (4-6). 
In each of the experiments, twenty-one samples of each solid weighing 
0.0050 gm. were placed in 12 ml. centrifuge tubes. To each were added 
exactly 10 ml. of stock buffer solution. Buffer solution was 0.005 mM, pH 
7.0, KH,PO,-K2,HPO, containing P® in an amount such that the experi- 


* National Institute of Dental Research, National Institutes of Health, United 
States Publie Health Service, United States Department of Health, Education, 
and Welfare, Bethesda, Maryland. 
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ment could be continued for 4 to 5 months (up to 380,000 ¢.p.m. per ml.), 
The samples were placed in a room maintained at constant temperature 
at 37° and were shaken at frequent intervals. The samples were re- 
moved in triplicate after periods of about 1, 7, 28, 56, 84, 112, and 140 days 
and centrifuged, and the solution was decanted and made to a convenient 
volume. The solid was washed once with water and centrifuged, and the 
wash water was added to the filtrate. The solid residue was dissolved in 
concentrated HCl and HNO, taken to dryness, redissolved in 0.5 ml. of 
0.05 n HCl, and diluted to volume. Aliquots of all six samples from each 
time period were then counted by using standard procedures with a thin 
mica window Geiger tube and a sealing unit model No. 163 (Nuclear In- 
strument and Chemical Corporation). 

The per cent phosphorus exchanged was calculated from the counts in 
the solid: (counts in solid divided by original count in liquid) & (gm. of 
P in solution per gm. of P in solid) K 100 = per cent exchange.! The 
counts in the liquid samples were used to check the per cent recovery by 
adding to the counts in the solid and comparing the original count. It was 
found necessary to correct the counts taken after about 100 days for the 
presence of 8*5, an impurity which increased to a significant amount because 
of the longer half life of 88 days. 


Results 


The results with hydroxylapatite and human enamel are shown in Fig. 
1. <A considerable part of the total exchange takes place within the first 
24 hours, and then there is a gradual exchange which occurs during the 
next 4 months. In the case of hydroxylapatite the initial rapid exchange 
(24 hours) with P® amounts to about 2.5 per cent of the total phosphorus 
in the sample.? If this 24 hour exchange is assumed to be limited to the 
surface, the average value of 0.238 mg. for surface P*! per square meter of 
surface area, as given by Olsen (7), may be used to calculate the surface 
area. This calculation results in a surface area of 18.6 sq.m. per gm. 
Previous study of this hydroxylapatite has shown that it reacts with fluoride 
ion to about 8.5 per cent saturation of fluorine positions over the range 10 
to 100 p.p.m. of F (4). Hendricks* has calculated that, if one assumes that 
the crystals are very flat on the prism faces and that this 8.5 per cent fills 
all surface fluorine positions, then the crystals are 24 units of structure 
thick or about 200 A. This would correspond to a surface area of about 
17 sq.m. per gm. The surface area of this particular sample as determined 


1 Equation obtained by the addition of the two equations: (counts in solid divided 
by original count in liquid) X gm. of P in solution = gm. of P exchanged. (Gm. of P 
exchanged X 100) divided by gm. of P in solid = per cent P exchanged. 

2 Containing 17.63 per cent phosphorus (4). 

3 Hendricks, 8. B., personal communication. 


| 
| 
| 
| 


H. G. MCCANN AND E. H. FATH 865 


by low temperature nitrogen absorption (8) is 16.1 sq.m. per gm.,‘ so that 
the result would indicate that fluoride exchange with hydroxyl and the 
Pp” exchange with P*! are restricted to the surface or a few layers near the 
surface. During an additional period of 4 months there is a slight addi- 
tional amount of exchange, undoubtedly a thermal diffusion process which 
has been termed recrystallization (1). 

The initial exchange with human enamel would indicate a surface area 
of about 5.5 sq.m. per gm., based on the average value for P*' as before. 
Since the low temperature nitrogen absorption value for this sample is 
about 1.5 sq.m. per gm., it is apparent that this initial exchange has pene- 
trated several layers of the enamel or that in some way the phosphorus 
has reached layers not accessible to nitrogen at low temperatures. The 
latter seems the more likely since it is improbable that recrystallization 
would occur in 24 hours, considering the slow rate of recrystallization which 
takes place in the ensuing 4 months. If, for purposes of comparison of the 


2 O 4.00+ - 
z 
2005 
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o Oo 20 40 60 80 100 120 140 
TIME IN DAYS 


Fic. 1. Transfer of P%-labeled phosphate from solution to solid: O, human en- 
amel; @, synthetic hydroxylapatite. 


reactions it is assumed that recrystallization has occurred to about the 
same extent during both the fluoride and P® exchange, a calculated surface 
area from P* exchange after 110 days compares closely with that obtained 
from the fluoride reaction after 4 months; that is, 16 sq.m. per gm. versus 
15 sq.m. per gm. After the initial surface exchange, the rate is approxi- 
mately the same in both enamel and hydroxylapatite samples, indicating 
a similar reerystallization rate. Probably the initial exchange through the 
enamel layers is affected by the small amount of organic material present. 

In Fig. 2 are shown the exchange curves for bone and dentin. These 
curves show the typical gradual increase demonstrated by Neuman and 
Mulryan (1) for fresh unashed bone, although the slope of the curve as a 
whole is considerably different, partially because of the increased time over 
which the exchange was observed. These curves also have the same general 
slope as the curves for dentin and bone when fluoride exchange is plotted 
against time (6). 

‘The surface area measurement was obtained through Dr. Victor R. Dietz of the 
National Bureau of Standards. 
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The surface of defatted bone has been shown to have a surface area of 
about 4 sq.m. per gm. by low temperature nitrogen absorption. This is 
similar to that of dentin (5). However, when this bone is steamed, the 
surface increases to about 67 sq.m. per gm., and, when glycol-ashed, the 
surface increases to over 100 sq.m. per gm. (9). The surface increase is 
attributed to the removal of organic substance from the pores of the inor- 
ganic skeletal material, since there is no detectable change in crystal size 
as shown by electron microscope studies (10). The surface area of the 
rat femur calculated from the P® exchange is about 40 sq.m. per gm. after 
24 hours. Apparently the solution phosphate or fluoride is able to pene- 
trate the organic material and thus gain access to the inorganic crystals. 
Crystals of this size are only 2 to 4 unit cells thick (11), so that the inner 
portions should be able to recrystallize readily, and this is indicated by the 


PHOSPHORUS 
EXCHANGED 
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Fic. 2. Transfer of P*-labeled phosphate from solution to solid: O, rat incisor 
dentin; @, human dentin; V, rat femur. 


extent of the reaction after 140 days. Glycol-ashed bone has been shown 
by Neuman and Mulryan (1) to exchange about 10 per cent phosphorus in 
48 hours and to exchange no further up to 20 days. Although the phos- 
phorus content of this sample is not known exactly, it is probable that a 
surface area of about 70 sq.m. per gm. could be assumed from the P® 
exchange, and this area might be as high as 100 sq.m. per gm. because of 
the lower surface phosphate content after the glycol-ashing treatment. 
After glycol ashing, bone would be similar to hydroxylapatite and, hence, 
the major part of the exchange would be expected to take place within the 
Ist few hours. It is probable that, if the curve were continued for 2 to 4 
months, there would be some further exchange attributable to recrystalliza- 
tion. 

Dentin and bone behave similarly when the organic matrix is left intact 
and they are exposed to P® or F exchange. They both have the same low 
temperature nitrogen absorption surface area with the organic matrix 
present (approximately 4 sq.m. per gm.), and the somewhat similar ex- 
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change of the dentin would indicate a surface area, if the organic matrix 
were removed, of about 50 sq.m. per gm. The gradual slope of the curves 
after 30 days is believed to be due entirely to recrystallization. 


DISCUSSION 


For some time one of the problems associated with the study of the 
mineralized tissues of the body has been the apparent irreversibility and 
relatively slow rate of isotope and fluoride fixation. This is in contrast 
to the rapid apparent equilibration of exchange with ashed tissues or 
synthetic hydroxylapatite. An initial rapid and reversible reaction can 
be accounted for by ionic exchange, but an additional mechanism is involved 
in the further slow and relatively irreversible reaction. This has been 
accounted for by recrystallization through thermal aging due to faults in 
the crystals (1). 

Although the mechanism of recrystallization is undoubtedly one of the 
factors involved in the gradual and irreversible exchange process of mineral- 
ized tissues, it appears unwise to neglect one of the great differences 
between unashed bone and dentin and ashed bone or synthetic hydroxyl- 
apatite; that is, the large amount of organic matrix intimately bound up with 
the inorganic crystals in mineralized tissue. It seems likely that a large 
part of the relatively slow exchange in skeletal tissue can be explained by 
a diffusion of ions through the organic matrix so that the exchange can take 
place on the large surface area available on the crystals. Kolthoff and 
O’Brien (12), inexperiments on the aging of AgBr, have shown that a coat- 
ing of gelatin on the crystals inhibits but does not prevent the penetration 
of radioactive bromide with fresh AgBr. Once the ions reach the crystal 
surface, exchange would take place immediately. If this is true, the rate- 
determining step is the diffusion through the organic matrix. Once the 
surface of a crystal had exchanged completely, recrystallization could 
take place for further exchange within the crystals. 

In a study of the exchange of P*® with ashed bone, dentin, and enamel 
over relatively short time periods, Hodge et al. (13-15) found that, when 
the amount of adsorbed P*® was plotted against the square root of the time, 
a linear relationship appeared. They concluded that P® adsorption may 
involve some undefined diffusion process and that P* exchanges with P*! 
on the crystal surfaces as speedily as diffusion permits. Their bone, how- 
ever, Was ashed, and hence, the diffusion in this case was not through the 
organic matter. 

The differences in the amount and rate of exchange with bones from 
different animals and of different ages could also be accounted for to a 
considerable extent by the variation in accessibility of surfaces due to 
variation in diffusibility through the organic matrix caused by variation 
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in hydration, concentration of inorganic material, or other unknown struc- 
tural differences. 

Enamel contains little organic matter and behaves for the most part 
like hydroxylapatite with a relatively small surface area. It seems probable 
that the initial exchange, which is greater than can be accounted for by 
surface measurement by low temperature nitrogen absorption, might be 
due to the presence of this small but significant organic material which 
allows access to surfaces by solutions which are not available to nitrogen 
at low temperatures. 


SUMMARY 


The exchange of P® with synthetic hydroxylapatite and powdered, 
defatted, enamel, dentin, and bone has been studied over a period of 110 
to 140 days. 

Although the surface area of fresh and ashed bone is approximately the 
same, P® exchange with the ashed bone is practically complete in 48 hours, 
whereas with unashed bone a period of over a month is required before the 
exchange approaches completion. It is suggested that diffusion of ions 
through the organic matrix of dentin and bone is an important factor in the 
rate of exchange with fluoride ion and radioactive isotopes. 
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In previous studies of the reactions of fluoride ion with synthetic hydrox- 
ylapatite and powdered enamel and dentin (1, 2), it was thought that low 
concentrations of fluoride ion might be affecting the rate of recrystallization 
of the apatites. Neuman et al. (3) found that fluoride impregnation had no 
effect on calcium and phosphate exchange of glycol-ashed bone. 

The experiments described below were designed to study the effect of 
various amounts of fluoride on the phosphate exchange of various mineral- 
ized tissues and synthetic hydroxylapatite. The fluoride was introduced 
in the buffer solutions, and some of the tissues studied were previously 
fluoridated either in vitro or in vivo. 


EXPERIMENTAL 


Details of the phosphate exchange experiments with 0.005 m KH.PO, 
were given in Paper I of this series (4). Samples of synthetic hydroxyl- 
apatite, human enamel and dentin, and rat dentin and femur, including 
samples fluoridated in vivo, were obtained from studies reported previously 
(1,2,5). Tissues treated in vitro were exposed to an aqueous solution of 
NaF containing the indicated fluoride concentration for a period of 1 
month at 37°. 


Results 


lig. 1 shows the effect on P® exchange of treating rat incisor dentin 
with 2, 10, and 100 p.p.m. of fluoride in the buffer as compared with use of 
buffer containing no fluoride. The curves obtained from 2 and 10 p.p.m. 
of F are higher than the control curve where no fluoride was used, indi- 
cating a more rapid rate of P® exchange for the first 30 days and resulting 
in a larger over-all amount of exchange. However, with 100 p.p.m. of 
fluoride less exchange was obtained than when no fluoride was used. 


* National Institute of Dental Research, National Institutes of Health, United 
States Public Health Service, United States Department of Health, Education, and 
Welfare, Bethesda, Maryland. 
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Similar results were obtained when hydroxylapatite, enamel, human dentin, 
and rat femur were employed, although the over-all amount of P® exchange 
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Fic. 1. Effect on the exchange of P**-labeled phosphate from buffer solution to 
solid rat incisor dentin when various concentrations of fluoride are added to the 
buffer. 
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Fic. 2. Effect of previous fluoride treatment of dentin on the exchange of P®- 
labeled phosphate from buffer solution to solid rat incisor dentin. 


40.0 


%o PHOSPHORUS 
EXCHANGED 
° 


10.0 

Oo 20 40 60 80 100 120 140 
TIME IN DAYS 


Fic. 3. Effect on the exchange of P*-labeled phosphate from buffer solution to 
previously fluoridated rat femora when various concentrations of fluoride are added 
to the buffer. The dashed line represents the original untreated femora with no 
fluoride in the buffer. Fluoride concentrations in the buffer are represented by: 
O,0 p.p.m. of F; 0, 2 p.p.m. of F; A, 10 p.p.m. of F; VY, 100 p.p.m. of F. 


varied considerably, depending on the tissue. The final exchange after 
4 months with 2 and 10 p.p.m. of F was always higher than with 100 
p.p.m. of F, although their relative positions were sometimes reversed. 
With 100 p.p.m. of F the exchange was sometimes greater than when no 
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fluoride was used, but the final exchange was always less than when either 
2 or 10 p.p.m. of F were present in the buffer. 

Fig. 2 shows the effect of fluoride already present in the tissues added 
either in vivo or in vitro. The tissue treated in vivo contained 0.52 per 
cent fluoride, the tissue treated in vitro, 0.87 per cent fluoride. There is 
an initial increase in the rate of exchange and then a decreased amount of 
exchange as the reaction proceeds. The results were similar with human 
dentin treated in vitro with 2 and 100 p.p.m. of fluoride. Human enamel 
treated in vitro and rat femur treated both in vivo and in vitro exchanged 
less than the controls throughout the entire exchange period. 

Fig. 3 shows that fluoride in the buffer increases the rate and amount 
of exchange of tissues previously treated with fluoride in vitro. A similar 
effect was obtained with tissues previously treated with fluoride in vivo. 


DISCUSSION 


When fluoride is added to the buffer, it has a slight effect during the 
initial reaction which is restricted almost entirely to surface exchange. In 
most cases the effect is a slight increase in the amount of exchange. As 
the reaction proceeds, the exchange with hydroxylapatite and enamel must 
be through recrystallization. In the case of dentin and bone there is 
probably a slow surface exchange as the solution diffuses through the or- 
ganic matrix (4). This is combined with some recrystallization, and still 
later the exchange is due entirely to this latter effect. In all cases as 
recrystallization begins to take place, the fluoride increases the rate and 
amount of exchange to a considerable extent. It seems probable that a 
fluorapatite crystallization center, in contrast to the hydroxylapatite, 
would induce a greater stability to the crystal, which would tend to increase 
the recrystallization of the particles because of the tendency to reach the 
most stable thermodynamic state. 

The increase in the rate of exchange of P® caused by increasing fluoride 
concentrations falls off markedly at 100 p.p.m. of F. At higher sodium 
fluoride concentrations the sodium ion may substitute for calcium ions (6), 
possibly accounting for the decrease at a concentration of 100 p.p.m. of F. 
Thus sometimes the 2 p.p.m. of F and sometimes the 10 p.p.m. of F curve 
are uppermost, showing the greatest amount of exchange, but the 100 
p.p.m. of F curve is always lower and sometimes even drops below the 0 
p.p.m. of F control curve. 

With fluoride already present in the tissues, the exchange rate sometimes 
increased slightly at first, but the rate of subsequent exchange was less than 
that of the control, probably because of decreased solubility. Reerystal- 
lization because of the fluoride has been completed before addition of the 
P® and the effect of the fluoride ions is to decrease the solubility, slowing, 
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rather than increasing, the P® exchange rate. This increased exchange 
during the first 24 hours may be caused by a release of fluoride ions into the 
solution. This would correspond to the increased exchange of P® with 
previously fluoridated tissues when additional fluoride is added to the 
buffer. 

In a previous paper (5) the similarity in behavior of dentin and femur 
treated in vivo and in vitro with fluoride in respect to solubility and hydroxy! 
exchange was given as evidence for the formation of fluorapatite in vivo, 
The similarity in P® exchange of the tissues fluoridated in vivo and in vitro 
is additional evidence for the formation of fluorapatite in mineralized 
tissue when fluoride ion is ingested. 


SUMMARY 


The simultaneous use of fluoride ion and P® has shown that fluoride 
ion increases the rate of exchange of P® with synthetic hydroxylapatite, 
human enamel and dentin, and rat dentin and bone. The rate is also 
increased by the presence of fluoride ion in the buffer when enamel, dentin, 
and bone have been previously treated with fluoride either in vivo or in 
vitro. The rate of exchange of P® with previously fluoridated enamel, 
dentin, or bone, compared with the corresponding untreated control, is 
decreased. 

Additional evidence for the formation of fluorapatite in mineralized 
tissues has been presented. 


BIBLIOGRAPHY 


. McCann, H. G., J. Biol. Chem., 201, 247 (1953). 

. McCann, H. G., and Bullock, F. A., J. Dent. Res., 34, 59 (1955). 

. Neuman, W. F., Neuman, M. W., Main, E. R., O’Leary, J., and Smith, F. A., J. 
Biol. Chem., 187, 655 (1950). 

4. McCann, H. G., and Fath, E. H., J. Biol. Chem., 231, 863 (1958). 

5. McCann, H. G., and Bullock, F. A., J. Dent. Res., 36, 391 (1957). 

6. Neuman, W. F., Atomic Energy Project, Report UR-238 (1953). 


sTU 


of L 
the 
into 
A 
the 
DN 
min 
of 
the 
par 
] 
the 
Wa 
urs 
int 
va 
ing 
(1g 
dit 
th 


STUDIES ON A RELATIONSHIP OF URACIL AND CYTOSINE 
NUCLEOSIDES TO BIOSYNTHESIS OF DEOXYRIBO- 
NUCLEIC ACID THY MINE* 


By WILLIAM H. PRUSOFF 


(From the Department of Pharmacology, Yale University School 
of Medicine, New Haven, Connecticut) 


(Received for publication, August 29, 1957) 


Formate (1), serine (2), formaldehyde (3), and methionine (4) each can 
erve as the donor of the carbon atom for the biosynthesis of the methyl 
soup of DNA!-thymine. The utilization of formate for the biosynthesis 
of DNA in vitro has been reported previously (5-9), and in most instances 
the uptake of formate carbon under these conditions has been primarily 
into the methyl group of thymine (5). 

An investigation has now been made of some of the factors which affect 
the utilization of formate-C™ for the biosynthesis of the methyl group of 
DNA-thymine in vitro. 


EXPERIMENTAL 


Preparation of Cell Suspensions, Solutions, and Isolation of DN A-Thy- 
mine—The separation of thymine, by paper chromatography of a perchloric 
acid digest of the DNA fraction isolated by a modification of the method 
of Schmidt and Thannhauser, has been described previously, as has been 
the preparation of ascites tumor cells (8). Bone marrow cells were pre- 
pared by Totter’s modification (5) of the method of Marvin et al. (10). 
Materials—Uniformly labeled uridine and cytidine were obtained from 
the Schwarz Laboratories, Inc., and the specific activity of both nucleosides 
was adjusted to 0.54 ue. per mg. 


Results 


Studies with Rabbit Bone Marrow—It has been reported previously that 
uracil deoxyriboside (UdR) increased the incorporation of formate-C' 
into DNA-thymine of rabbit bone marrow cells in vitro (8). This obser- 
vation has been extended to include the effect of cytosine deoxyriboside 


* A preliminary report has been presented before the Forty-seventh annual meet- 
ing of the American Society of Biological Chemists at Atlantic City, April 16-20 
(1956). 

'The following abbreviations are used: DNA, deoxyribonucleic acid; UR, uri- 
dine; UdR, uracil deoxyriboside; CR, cytidine; CdR, cytosine deoxyriboside; TdR, 
thymidine; RNA, ribonucleic acid. 
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(CdR) as well as the corresponding ribosides, cytidine and uridine (Table 
I) (11). 

The ribosides are as effective as the corresponding deoxyribosides, pre- 
sumably because of a rapid conversion of the riboside to the corresponding 
deoxyriboside (12-14). The cytosine nucleosides are significantly more 
efficient than the uracil nucleosides in increasing the appearance of C% 
from formate-C" into DNA-thymine. 

Studies with Mouse Ehrlich Ascites Carcinoma Cells; Effect of Nucleo- 
sides—In these cancer cells, in vitro, UdR and CdR exert effects similar 
to those observed with rabbit bone marrow, as has been reported previously 


TABLE I 
Effect of Cytosine and Uracil Nucleosides on Incorporation In Vitro of Formate-C' 
into DNA-Thymine of Rabbit Bone Marrow and of Mouse 
Ehrlich Ascites Tumor Cells 


Nucleoside 
Rabbit bone Mouse ascites 
marrow tumor cells 


The reaction mixtures consisted of packed cells (0.25 ml.), formate-C"™ (5 ue., 5 
umoles), nucleoside (10 umoles), pig serum (0.1 ml.), Totter’s modified Chambers 
solution (5) to 2.6 ml. The incubations were conducted in 20 ml. beakers, in dupli- 
cate, in a Dubnoff metabolic shaker at 37° under air and agitated at 90 cycles per 
minute for 3 hours. 

* Specific activity of DNA-thymine in the control vessel equated to 1.00. 


(8). The corresponding ribosides also are active (Table I), and the cyto- 
sine nucleosides are appreciably more active than the corresponding uracil 
derivatives (UR, UdR) in increasing the utilization of formate-C"™ for DNA- 
thymine biosynthesis. A recent report by Kit (15) is in agreement with 
these observations. The marked increase in the uptake of formate-C" 
which resulted from the addition of deoxyuridine supports the findings of 
Friedkin and Roberts (16) and of Reichard (17) which demonstrate the 
utilization of deoxyuridine-2-C"™ for the biosynthesis of DNA-thymine by 
the rat, chick embryo, or in rabbit or chicken bone marrow. 

The observed specific activity of DNA-thymine reflects the utilization 
of that portion of the administered metabolite which has successfully 
reached the site of utilization in spite of the various cellular and particulate 
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membranes, the degrading enzymes, and the competing anabolic reactions. 
Thus, it is extremely difficult to ascertain unequivocally with intact cells 
whether there is a difference in the degree of penetration of the nucleosides 
to the site of utilization. 

That the present results do indeed reflect utilization of the nucleosides 
for DNA-thymine biosynthesis and not merely an indirect stimulatory 
effect is indicated by the observations with totally labeled C'*-uridine and 


TABLE II 


Relationship between Incorporation In Vitro of Totally Labeled Nucleosides and of 
Formate-C'4 in Presence of Equal Amount of Unlabeled Nucleoside* 


Relative specific activity of DNA-thymine 
of Ehrlich cells 
Nucleoside added 
Nucleoside-C™ Formate-C 


* Details of incubation conditions are described in Table I. 


TABLE III 


Incorporation In Vitro of Totally Labeled Ribosides* into DNA and 
RNA of Mouse Ehrlich Ascites Tumor Cellst 


Specific activity of isolated base 


Nucleoside added RNA DNA 


Uracil Cytosine Cytosine Thymine 


c.p.m. per pmoleic.p.m. per pmoleic.p.m. per pmolec.p.m. per ymole 


* Specific activities of both UR and CR were adjusted to 0.54 we. per mg. 
t Details of incubation conditions are described in Table I. 


cytidine. The data in Table II clearly demonstrate that the radioactive 
nucleosides are incorporated into DNA-thymine in a manner identical to 
that observed with radioactive formate. 

The amount of incorporation of UR-C" into RN A-uracil is approximately 
equivalent to the amount of CR-C" incorporated into RNA-cytosine (Table 
III). Thus, in terms of RNA biosynthesis there appears to be no differ- 
ence in the rate of penetration of the two nucleosides into the cell. 

When a comparison is made of the relative incorporation of the radio- 
active ribonucleosides into the pyrimidine bases of RNA and DNA (Table 
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III), one observes a ratio of RNA-uracil to DNA-thymine of 27:1 with 
UR-C" as the precursor in contrast to that of 0.53:1 with CR-C" as the 
precursor. If cytidine were deaminated before conversion to the deoxyri- 
boside, then one would expect that the relative specific activities of RNA- 
uracil to DNA-thymine would be equal to or greater than 1.0. Thus, it 
appears that the conversion of cytidine to the corresponding deoxyriboside 
occurs more rapidly than its deamination to uridine. After the conversion 
to the deoxyriboside, the problem to be resolved is whether CdR pene- 
trates to the site of formate utilization at a greater rate than UdR and then 
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Fic. 1. The effect of pH on the incorporation of formate-C'™ into DNA-thymine 
of mouse Ehrlich ascites tumor cells. The details of the incubation conditions are 
described in Table I. 

Fic. 2. The effect of uridine and cytidine on the incorporation of formate-C™ 
into DNA-thymine of mouse Ehrlich ascites tumor cells at various times of incuba- 
tion. The details of the reaction mixtures are given in Table I. 


is deaminated before the acceptance of the precursor of the methyl group, 
or whether CdR also is a primary acceptor of the single carbon unit. 

Effect of pH—In Fig. 1 is shown the effect of pH on the incorporation of 
formate-C"™ into DNA-thymine. The uptake of formate-C" as influenced 
by either UR or CR is the same at pH 8.2 as at pH 7.0. On the other hand, 
at pH 5.8, cytidine exerts a marked effect on the incorporation of formate- 
C'* into DNA-thymine, while uridine is quite inactive. These results are 
suggestive of a primary role for CdR as a formate acceptor in the biosyn- 
thesis of thymine. 

Rate of DNA-Thymine Biosynthesis—Since both UR and CR exert 4 
marked stimulatory effect on DNA-thymine synthesis at pH 7.6, it is as- 
sumed that at this hydrogen ion concentration both nucleosides not only 
are readily transported across the cell membrane but also reach the site of 
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formate utilization (Fig. 2); consequently, the effect of UR and CR on the 
rate of DNA-thymine biosynthesis was investigated at pH 7.6. The 
stimulatory effect of uridine after 5 hours of incubation was less than that 
observed after only 2 hours of incubation with cytidine. In another ex- 
periment in which measurements were made after incubations of up to 8 
hours and the results at pH 5.8 were compared to those at pH 7.6, the 
greater effectiveness of CR, as compared to that of UR, was again clearly 
demonstrated. At pH 7.6, in the presence of CR, the specific activity of 
DNA-thymine (46,400 ¢.p.m. per umole) was 2.3 that observed in the pres- 
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Fic. 3. Effect of time of addition of radioactive formate and of cytosine deoxyri- 
boside on the biosynthesis of DNA-thymine of mouse Ehrlich ascites cells in vitro. 
Each of the reaction mixtures included packed cell (0.25 ml.), pig serum (0.1 ml.), 
Totter’s modified Chambers solution (5) to 2.6 ml. Radioactive formate (5 uc., 
5 umoles) was added to the appropriate reaction mixtures at 0, 15, 30, and 60 min- 
utes after the initiation of the incubation. Deoxycytidine (10 wmoles) was either 
Curve A, not present; Curve B, present from zero time in all vessels during the in- 
cubation period; or Curve C, added when radioactive formate was introduced. 


ence of UR, whereas at pH 5.8 this ratio was increased to 8.1. It is re- 
markable that under these conditions, in vitro, the biosynthesis of DNA 
apparently continues even after 8 hours of incubation. 

Effect of Time of Addition of Formate or Nucleosides—The effect of deoxy- 
cytidine on formate uptake into DNA-thymine was investigated when 
these compounds were added at varying intervals of time during the incu- 
bation period. No stimulation of formate utilization for the synthesis of 
DNA-thymine was observed when there was a delay of 1 hour in the addi- 
tion of formate or CdR or both to the incubation vessel (Fig. 3). The 
results are shown in Fig. 3, Curves A, B, and C. A marked decrease in the 
uptake of formate into DNA-thymine was observed not only in the absence 
of deoxycytidine (Curve A) but also in its presence, whether the nucleoside 
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was added simultaneously with the formate (Curve C) or included in the 
incubation vessels initially, before the addition of formate (Curve B), 
The addition of deoxycytidine and formate-C" at zero time resulted in the 
expected high specific activity of DNA-thymine; however, a delay in the 
addition of formate resulted in a marked decrease. This is not because of 
a loss of the formate acceptor (CdR), since a similar effect was observed 
when the nucleoside was added simultaneously with the formate. 

When formate was added to the incubation vessels and the addition of 
CdR was delayed for 1 hour, the observed specific activity of DNA-thy- 
mine was essentially that of its zero time control, whereas, when CdR was 
added initially, a 2- to 3-fold increase in the specific activity was observed. 
Hence, within an hour, the nucleoside fails to exert any stimulatory effect, 
yet, when present initially with radioactive formate, a stimulatory effect 
on the biosynthesis of DNA-thymine continues for at least 8 hours. 

Several possibilities may be considered in elucidation of the above. The 
ability of metabolites to enter the Ehrlich ascites tumor cells may be rapidly 
decreased after the cells are removed from the host animal. The enzymes 
or coenzymes involved in the activation of formate or of the nucleoside, 
or in the condensing of these two activated components into a non-dialyza- 
ble component, may be rapidly dialyzed out of the cell under the conditions 
used. This possibility is supported by the demonstration by Wu? that 
several enzymes concerned with carbohydrate metabolism rapidly diffuse 
out of Ehrlich ascites cells during their incubation in vitro. A third pos- 
sibility is that the enzymes may be protected from inactivation by the addi- 
tion of the nucleoside and formate substrates. Another consideration is 
that the non-radioactive formate ‘‘pool”? may increase during the incuba- 
tion procedure; however, when the amount of added formate-C'4 was varied 
from 0.3 to 10 uwmoles in the incubation vessel, it was apparent from the 
constancy of the observed specific activity of DNA-thymine that the added 
formate-C" was probably in excess of the cellular formate pool. 

Role of Phosphate—The effectiveness of added phosphate on the biosyn- 
thesis of DNA-thymine was investigated. There is no apparent effect 
in either the presence or absence of a riboside or a deoxyriboside. 


DISCUSSION 


Both UdR and CdR (or derivatives of them) have been implicated as 
primary acceptors of the single carbon unit for the biosynthesis of the 
methyl group of thymine. Friedkin and Roberts (16) and Reichard and 
Estborn (17, 18) have demonstrated that radioactive UdR and CdR are 
incorporated into DNA-thymine, and Friedkin (19) has shown that deoxy- 
uridine 5’-phosphate can be enzymatically methylated to thymidine 5’- 


2 Personal communication from Dr. R. Wu. 


t 

t 

t 

\ 

( 


lat 
di- 
Da- 


the 


W. H. PRUSOFF 879 


phosphate. Phear and Greenberg (20) observed that UdR is a better 
acceptor of radioactive formaldehyde than CdR or the corresponding nu- 
cleotide for the biosynthesis in vitro of acid-soluble thymine derivatives by 
a cell-free preparation of thymus tissue. On the other hand, cytosine 
nucleosides exert a markedly greater stimulatory effect on the synthesis of 
DNA-thymine than do the uracil nucleosides in two systems in vitro, 
normal rabbit bone marrow and mouse Ehrlich ascites carcinoma cells. 
The experimental data of Friedkin and Roberts (16) and of Reichard (17) 
do not eliminate the consideration of CdR as a primary acceptor of the 
single carbon unit in addition to that of UdR, but do rule out the conversion 
of UdR into cytosine of DNA. However, uracil in a riboside form can be 
aminated and subsequently utilized for the biosynthesis of RNA- or DNA- 
cytosine. Lieberman (21) has observed that this amination reaction occurs 
in Escherichia coli at the triphosphate level (UTP — CTP). Cohen and 
Barner (22) have presented evidence compatible with a methylated cyto- 
sine derivative, 5-methyl CdR, being on the pathway of TdR biosynthesis 
in E.coli. Thus, it is possible that UdR may be converted into a derivative 
containing cytosine, which, although not incorporated as such into DNA, 
may be “formylated,’’ deaminated, and then incorporated in such a form 
as to introduce a thymine-containing unit into DNA. That cytosine 
derivatives probably can accept a single carbon unit is indicated by the 
presence of 5-methylcytosine in plant and animal DNA (23) and of 5- 
hydroxymethyleytosine in the DNA of T-even coliphages (24). Kit (15) 
observed that CR and CdR, but not UR or UdR, increased the utilization 
of formate-C™ for the biosynthesis of 5-methyleytosine of DNA of rat 
thymus and tumor E-9514A in vitro. 

Thus, it is not yet clear whether UdR or CdR or both (or their deriva- 
tives) act as the primary acceptor for the single carbon unit in the synthesis 
of DNA-thymine. In an investigation of intermediates involved in the 
biosynthesis of DNA-pyrimidine nucleotides, Hecht and Potter (25) could 
not evaluate the importance of the interconversion of CdR to TdR. That 
several pathways may exist for the metabolism of a particular compound 
is not an untenable hypothesis. 

Studies with radioactive uridine and cytidine eliminate the possibility 
of a more favorable transport into the cells of the cytosine nucleoside. 
However, no evidence is available concerning the possible subsequent 
preferential kinetic treatment of cytosine nucleosides along the pathway 
to and at the specific cellular site where deamination to UdR (or deriva- 
tives) may occur before the acceptance of the single carbon unit. Obser- 
vations of Cohen and Barner (22), of Kit (15), and those in our laboratory 
(8, 11) indicate strongly that a cytosine derivative may indeed be a primary 
acceptor of the single carbon unit. The importance of this pathway in 
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relationship to the established UdR — TdR mechanism should be eluci- 
dated. Studies of cell-free systems are in progress. 


SUMMARY 


Uridine and cytidine are as effective as the corresponding deoxyribosides 
in increasing the utilization of radioactive formate for the biosynthesis of 
deoxyribonucleic acid thymine in rabbit bone marrow and mouse Ehrlich 
ascites carcinoma cells in vitro, presumably because of a rapid conversion 
of the riboside to the deoxyriboside. The cytosine nucleosides are 
markedly more efficient than the corresponding uracil nucleosides at various 
pH levels and times of incubation. Studies with radioactive uridine and 
cytidine reveal no preferential transport into the cell and subsequent 
utilization of cytidine for ribonucleic acid pyrimidine biosynthesis. This 
evidence is presented to support the proposed role of deoxycytidine, in 
addition to deoxyuridine, as a primary acceptor of the single carbon unit 
during the biosynthesis of the methyl group of DNA-thymine. 

The relative incorporation of radioactive cytidine and uridine into nucleic 
acid thymine of mouse Ehrlich ascites cells in vitro is identical with the 
relative utilization of radioactive formate for the biosynthesis of the 
methyl group of this thymine in the presence of non-radioactive cytidine 
and uridine. Cytidine is utilized better than uridine as a precursor of 
deoxyribonucleic acid pyrimidines; however, uridine is a better precursor 
of ribonucleic acid cytosine than is cytidine of ribonucleic acid uracil. 

Whereas the biosynthesis of nucleic acid thymine by Ehrlich ascites 
tumor cells in vitro may proceed for 8 hours, a delay of 15 to 30 minutes in 
the addition of formate or of nucleoside to the incubation vessel results in a 
marked decrease in formate-C' incorporation into the methyl group of 
thymine. After a delay of 1 hour, no formate is utilized whether in the 
presence or absence of nucleoside. 
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to Mrs. Angela Scimone Sleddon for technical assistance. 
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METABOLISM OF GLYCEROLIPIDES: A COMPARISON OF 
LECITHIN AND TRIGLYCERIDE SYNTHESIS* 


By WILLIAM E. M. LANDS 


(From the Department of Biological Chemistry, University 
of Michigan, Ann Arbor, Michigan) 


(Received for publication, November 11, 1957) 


Enzymatic synthesis of glycerolipides involves the formation of ester 
bonds between glycerol and fatty acids or phosphoric acid. The similar- 
ity among the structures of the different glycerolipides speaks in favor of 
common metabolic pathways and interchange of major parts of their mole- 
cules. Recently Kennedy and coworkers (1, 2) have shown that prepara- 
tions of rat liver mitochondria can synthesize both lecithins and triglycer- 
ides from added diglyceride mixtures. Consequently, intact tissues may 
possibly utilize diglycerides as the common intermediates in the synthesis 
of these glycerolipides. If this were the case, a predictable relationship 
should be produced between the patterns of radioactive isotope incorpora- 
tion in triglycerides and phosphoglycerides. 

Accordingly, radiocarbon-labeled precursors were incubated with sliced 
tissues and the lipides were isolated in order to compare the amounts of 
isotope in each type of lipide. The results of these experiments suggest 
that the diglyceride unit in the phospholipides is metabolically different 
from that in the triglycerides. 


EXPERIMENTAL 


Lung tissue, chosen for these experiments because of its high rate of 
lipide synthesis, was removed from rats and placed in ice-cold, oxygenated 
Krebs-Ringer-bicarbonate buffer, at pH 7.4, containing glucose. The tissue 
was sliced by hand and incubated in 4 ml. of the buffer at 38° in an atmos- 
phere of 95 per cent O.-5 per cent CO, in a shaking incubator. Micro- 
molar quantities of radioactive glycerol and acetate containing 2 to 4 ue. 
were added to the various containers. After 4 hours the tissue was ho- 
mogenized twice in 10 ml. portions of methanol and the lipides were 
further extracted from the dehydrated tissue with chloroform-methanol 
(2:1). The combined extracts were then purified according to Folch et al. 
(3) to remove water-soluble contaminants. The washing was repeated to 


* This study was supported in part by grant No. 131 from the Michigan Memo- 
rial-Phoenix Project of the University of Michigan. A preliminary report on some 
of this work was presented at the Forty-eighth annual meeting of the American So- 
ciety of Biological Chemists at Chicago, April 15-19, 1957. 
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remove traces of radioactive precursors. The total lipide extract was then 
evaporated to dryness, suspended in ether, and chromatographed on silicic 
acid columns. 

The columns were routinely prepared by suspending 5 gm. of silicic acid 
(Mallinckrodt, 100-200) in ether in a 1 X 30 em. glass tube, and the ad- 
sorbent was packed by tapping the column while the solvent drained. 
The lipides were applied to the column, which was then developed with 
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C.P.M. x10°3 


8 16 2 32 40 48 S6 
TUBE NUMBER 
Fic. 1. The heavy line indicates the amount of radioactivity and the thin line 
shows the amount of ester in micromoles. The hatched area shows the results of 
amino nitrogen analyses (5). 


ether. After the neutral fats were removed in the ether, gradient elution 
was begun with ethanol-ether (1:1) flowing into a constant volume mixing 
chamber containing 100 ml. of ether. The solvent entering the mixing 
chamber was replaced at intervals with solvents of increasing polarity to 
maintain a continually increasing gradient, as shown in Fig. 1. 

Ester concentrations were measured by a modification of the procedure 
of Goddu et al. (4). Equal volumes of 4 per cent sodium hydroxide and 4 
per cent hydroxylamine hydrochloride (w/v) in 95 per cent ethanol were 
mixed and the sodium chloride was removed by filtration. 2 ml. of the 
clear filtrate were added to a dry lipide sample in a screw cap culture tube. 
The tubes were shaken, heated at 65° for 5 minutes, and cooled. 5 ml. of 
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ferric perchlorate solution (4 ml. of stock ferric perchlorate (4) and 2.5 ml. 
of 70 per cent perchloric acid, diluted to 100 ml. with cold absolute ethanol) 
were added as the tubes cooled, and absorption was measured at 530 my 
after 15 to 20 minutes. The optical density is proportional to concentra- 
tion up to an optical density of 2.0 and 15 yeq. of ester per sample. The 
radioactivity in the lipides was measured directly from small aliquots of the 
sample having no significant self-absorption. 

Fig. 1, A, shows the distribution of lipides in an extract that contained 
about 4 mg. of triglyceride and 10 mg. of phospholipide. In this case 
glycerol-C'* was supplied to the tissue, and one can see that the relative 
heights of the ester and radioactivity peaks are similar for the triglycerides 
and the phospholipides. 

The specific activities are 2100 and 2400 ¢.p.m. per umole of lipide. In 
contrast, Fig. 1, B, shows the pattern obtained when acetate-C™ was the 
labeling agent. Here the phospholipides have a relatively greater amount 
of radioactivity than the triglycerides, and the specific activities are 3680 
and 660, respectively. 

In some experiments glycerol-C" and acetate-C™ were added to the same 
vessel and the isolated lipide fraction was saponified in order to determine 
the isotope ratio. A portion of the lipide was hydrolyzed for 24 to 36 hours 
at 38° in 2 ml. of N potassium hydroxide. The resulting opalescent solu- 
tion Was acidified with 0.2 ml. of concentrated hydrochloric acid and the 
fatty acids were extracted with three 3 ml. portions of chloroform. A 
similar treatment of singly labeled incubations showed that the conversion 
of glycerol into the fatty acids and acetate into glycerol was negligible, 
agreeing with the findings of others (6). The amount of radioactivity in 
the non-saponifiable phospholipides was also found to be negligible. 


DISCUSSION 


The amount of radioactive glycerol in a lipide in all likelihood provides 
i measure of the extent of new synthesis. Obviously, glycerol must be 
incorporated by the formation of three new ester linkages, thereby ruling 
out an exchange mechanism. On the other hand, acetate may donate its 
carbons to the lipide by known exchange reactions with labeled fatty acids 
(7) as well as by the new synthesis of lipide from diglycerides labeled in the 
fatty acid moiety. 

In a simplified picture of lipide synthesis, acetate carbon (as fatty acids) 
and glycerol are combined in a diglyceride which can then form either 
phospholipide or triglyceride. This diglyceride would receive a certain 
amount of radioactivity from acetate and glycerol, respectively. If the 
diglyceride is the sole precursor of the phospholipide, these compounds 
should have the same ratio of incorporated acetate-C™ to incorporated 
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glycerol-C'. Triglycerides might be expected to have relatively more 
radioactivity from acetate, since a third fatty acid is added to the diglyce- 
eride unit. Therefore, the amount of acetate-C" in the immediate precur- 
sor of the triglyceride would probably be about two-thirds that in the final 
product, while the glycerol-C' would be the same in both compounds, 
This scheme is presented below, where the symbols C'Ac and CG] 


TABLE I 
Ratios of Radioactivities from Acetate and Glycerol 
The ratio R describes the relative activities of fatty acids and glycerol calculated 
for the diglyceride unit of the lipide. 


Triglyceride Lecithin 
Experiment No. Tracer used 
Total c.p.m. 3/2R R Total c.p.m. Rk 

B Acetate-C!4 12, 200 35, 200 
A Glycerol-C™ 10,600 | | 9-75 | | 1-9 
2A Acetate 20, 600 63, 200 

Glycerol | 6,720 | 
2B Acetate 16,100 38, 300 

Glycerol | 3,570 5.3 3.8 4,700 5.3 
6A Acetate 15,900 38, 100 

Glycerol | game | | 82 
6B Acetate 12,800 27 , 600 

Glycerol | 3,700 2.8 2,790 9.8 


stand for the counts per minute arising from labeled acetate and glycerol, 
respectively. 


Fatty acids + glycerol Glycerophosphate + fatty acids 
| 
C'Ac 
CGI 
Triglyceride ‘ 2 > Phospholipide 
C'Ac CAc 


The data in Table I show that the ratio R is two to four times higher in 
the phospholipides than in the triglycerides. Although the specific activity 
of the glycerol portion is essentially the same in the two types of lipide, the 
fatty acid portion has a much higher specific activity in the phospholipides. 
This unexpected finding requires some modification of the above scheme. 
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One modification is given below. 


/ Triglyceride = 3/2R 
Diglyceride 
C¥Ac _ RN Phospholipide 
(R) 
[Lysophosphatide] 
(R/2) 
Phospholipide 
(R’) 


This scheme is one in which the diglyceride serves as the common in- 
termediate, but the phospholipide formed from it is capable of independent 
incorporation of fatty acids without utilizing a diglyceride intermediate. 
At the present time, phospholipide degradation is often considered to go to 
completion, once a fatty acid is removed (8), and a lysophosphatide acylat- 
ing enzyme has not yet been demonstrated. The results of the experiments 
presented above, however, suggest the existence of an enzyme system which 
catalyzes exchange or synthesis of the fatty acid ester in lecithins. 

Another hypothesis may be considered. Suppose the simple system 
above is modified so that the diglyceride pool is non-homogeneous, being 
formed by two independent pathways. One pathway involves the direct 
esterification of glycerol to give both p- and L-diglycerides. Here we shall 
consider that equal amounts of the isomers may be formed, taking into 
account the low specificity of acylating enzymes. The second pathway of 
diglyceride synthesis is one in which L-a-glycerophosphate is acylated and 
the resultant phosphatidic acid is hydrolyzed to give only the pb-a,f-di- 
glyceride (1). 

Acetate 


Fatty acids +» Fatty acids 


Glycerol 


| L-a-Glycerophosphate 
p-a,8-Diglyeeride (100%) 50% v-a,8- and 50% t-a,8-Diglyceride 
4 \ T 


L-a-Phospholipide Triglyceride 


According to this suggestion, only part of the molecules arising from the 
direct esterification of glycerol plus those from the glycerophosphate path- 
way can form L-a-glycerophosphatides, whereas all the molecules may be 
available for triglyceride synthesis. This situation would lead to different 
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labeling patterns when the glycerophosphate is acylated from a different 
acyl pool from glycerol. From the data that have been obtained, we could 
postulate that L-a-glycerophosphate is the preferred acceptor of newly 
synthesized fatty acids, while free glycerol is acylated by fatty acids from 
a more dilute pool. Further experiments are in progress to examine the 
biosynthesis of glycerolipides with respect to these suggested schemes. 


SUMMARY 


In lung tissue slices, glycerol-C' produces triglycerides and phospho- 
lipides with similar specific activities, whereas acetate-C' leads to much 
higher activity in the phospholipides. These results suggest that the di- 
glyceride unit of the phospholipides is metabolically different in some re- 
spect from that of the triglycerides. Possible schemes are presented to 
account for these observations. 
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Although the terminal respiratory chain of Azotobacter has been the 
subject of several recent studies, the nature of the cytochrome oxidase 
portion is still somewhat obscure. Repaske (1) partially purified and 
characterized a soluble succinic dehydrogenase and succinoxidase system 
from Azotobacter vinelandii. Wilson and Wilson (2) studied the soluble 
succinoxidase in Repaske’s preparation and demonstrated a _ bacterial 
cytochrome component in the cell-free preparation similar to but distinct 
from mammalian cytochrome c. They concluded that, although a suc- 
cinate cytochrome c reductase is present which reduced mammalian 
cytochrome c, a cytochrome c oxidase (cytochrome a;) is not concerned 
in the transport of electrons from succinate to oxygen. Vernon and Kamen 
(3) reported that the cytochrome oxidase of Azotobacter is specific for its 
own ¢ type cytochrome and could not oxidize mammalian cytochrome c. 
Azotobacter cytochromes cy and cs, which resemble cytochrome c in several 
important properties have recently been purified and characterized (4, 5). 
These hemoproteins were specific for Azotobacter succinate and cytochrome 
oxidase activities and could not be linked to the cytochrome oxidase system 
from mammalian cells. 

The present paper describes the preparation and properties of a soluble 
cytochrome c oxidase from A. vinelandii. The enzyme preparation is 
capable of oxidizing reduced mammalian cytochrome c, heretofore not 
reported for a bacterial system, as well as reduced cytochromes cy and cs 
of Azotobacter. The oxidase is similar in a number of respects to the cyto- 
chrome ¢ oxidase (cytochrome a3) from mammalian tissues. 


Materials and Methods 


Culture Methods; A. vinelandii—American Type Culture Collection 
No. 9104 or, in some eases, strain O kindly provided by Dr. R. H. Burris, 


* Contribution No. 216 of the McCollum-Pratt Institute. Supported in part by 
research grants from the National Science Foundation and the United States Public 
Health Service (No. RG-2332). 

t Postdoctoral Fellow of the National Foundation for Infantile Paralysis. Pres- 
ent address, Department of Pediatrics, University of Maryland, School of Med- 
icine, Baltimore, Maryland. 
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was grown in Burk’s nitrogen-free mineral salts medium (6) with 2 per ? 
cent sucrose as the carbon source. The inoculum was incubated in 500 ( 
ml. Erlenmeyer flasks containing 100 ml. of medium for 24 hours at 30° | 
on a rotary shaker. 3 liter cultures were grown in 4 liter bottles at 30° . 
for 18 to 24 hours with vigorous forced aeration with the use of 5 per cent f 
inoculum. Cells were harvested by centrifugation at approximately 2000 ‘ 
X g for 20 minutes and washed three to four times with 100 ml. portions ; 
of 0.15 m KCl. The yield was about 5 to 10 gm. of wet cells per liter of i 
culture. Washed cells, not used immediately for the preparation of cell- i 
O80 
5 
= 
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ac 
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=. ° 
Ye) ¢ 
J p20F 
¢ 
| j 
5.0 10.0 15.0 . 
MICROGRAMS PROTEIN 

Fic. 1. Proportionality of concentration of enzyme to oxidation of reduced cyto- . 
chrome c. 
free extracts, could be stored for several weeks at —15° with no effect f 
on the activity of the extracts subsequently prepared from them. d 

Preparation of Cell-Free Extracts—Washed Azotobacter cells were sus- 8 
pended in 5 times their volume of 0.1 m solution of Tris! buffer, pH 7.5, I 
and disrupted for 10 minutes at 4° in a Raytheon 10 ke. sonic oscillator I 
at 0.94 ampere output. The resulting fluid, which contained less than 3 a 
per cent intact cells as determined turbidimetrically, was centrifuged at ( 
20,000 to 25,000 X g for 30 minutes, and the supernatant solution was used i 
as the cell-free extract. 

Assay Method—Cytochrome c oxidase activity was measured in a reac- a 
tion mixture containing 0.75 ml. of 0.1 m Tris buffer, pH 7.5, and 0.2 ml. u 
of reduced cytochrome c (0.4 to 0.5 umole per ml.). Horse heart cyto- ; 

1 The following abbreviations are used: Tris, tris(hydroxymethyl)aminomethane; 
DPN, diphosphopyridine nucleotide; TPN, triphosphopyridine nucleotide. ; 
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chrome c of approximately 60 per cent purity, obtained from the Sigma 
Chemical Company, had previously been reduced by treatment with pal- 
ladium asbestos and hydrogen gas essentially as described by Smith (7) 
or by dithionite as indicated. Partially purified cytochromes cy and ¢; 
from <A. vinelandii were prepared (5) and reduced by dithionite. At 
zero time, 0.05 ml. of enzyme was added, and the decrease in optical density 
at 550 my followed at 30 second intervals for 3 minutes. A unit of enzyme 
activity is defined as that quantity which will give a decrease in log Jo/J 
of 0.001 in the 1 to 3 minute interval. The proportionality between enzyme 
concentration and initial rate of oxidation of cytochrome c under these 
conditions is shown in Fig. 1. Specific activity is defined as units of enzy- 
matic activity per mg. of protein. Protein was determined by the pro- 
cedure of Lowry et al. (8) and standardized with human serum albumin. 
Partially purified cytochrome oxidase fractions with a protein content of 
50 to 200 y per ml. were used in these studies. 


Results 


Purification of Cytochrome c Oxidase—All steps in the purification pro- 
cedure (Table I) were carried out at 0—-4°. 

The cell-free supernatant solution obtained by centrifugation at 20,000 
to 25,000 * g of the sonic extract represents 30 to 40 per cent of the total 
cytochrome c oxidase activity of the sonic extract. 

In a typical purification procedure the cell-free extract of Azotobacter 
cells (Fraction I) was incubated at 30° for 60 minutes, resulting in a dou- 
bling of total cytochrome c oxidase units and specific activity. Longer 
incubation results in progressive inactivation. The addition of an equal 
volume of calcium phosphate gel suspension (9), aged 9 months or longer 
(14 mg. of dry weight per ml.), with intermittent stirring for 10 minutes 
followed by centrifugation as described above led to a 10 to 50 per cent 
decrease in total and specific activities of cytochrome c oxidase in the 
supernatant solution (Fraction III). However, further treatment of 
Fraction III with a half volume of the calcium phosphate gel, followed 
by centrifugation, yielded a 2- to 5-fold greater specific activity with an 
approximate doubling in total enzyme units of the supernatant solution 
(Fraction IV). Further treatment with calcium phosphate gel resulted 
in a marked loss of total and specific activities. Various attempts to elute 
cytochrome oxidase from the gel with phosphate, pyrophosphate, and 
ammonium sulfate solutions were unsuccessful. Fraction IV represents 
an apparent 5-fold increase in specific activity with a 200 per cent increase 
in total enzyme units, due in part to the removal of naturally occurring 
inhibitors. An essentially similar purification can be attained by first 
treating with calcium phosphate gel, followed by standing at 30° for only 
30 minutes. 
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Treatment with alumina Cy gel leads to a similar pattern of activation, 
but over-all purification is generally less. The use of ammonium sulfate 
between pH 5 and 11, methanol, ethanol, acetone, protamine sulfate, 
manganous chloride, charcoal, Dowex 50, zinc hydroxide gel, or iso- 
electric precipitation techniques gave no fraction with an appreciably 
greater specific activity than the original extract. 

The Azotobacter cytochrome c oxidase, unlike the corresponding enzyme 
from animal tissues, is soluble to the extent that all the activity remains 
in the supernatant solution after centrifugation, at 144,000 X g for 30 
minutes, and 60 to 70 per cent after 60 minutes. The specific activities 
of the cytochrome c oxidase in cell-free extracts and purified preparations 
averaged 60 and 400 units, respectively. The most highly purified cyto- 


TABLE 
Summary of Purification of A. Cytochrome c Oxidase 

i Total Total i 

= Treatment i | 
units meg. 

I Cell-free supernatant solution &, 200 73.6 70.7 

II Treated supernatant solution, 30° 9,800 73.6 133 

III Ist (Ca)3(PO,)2 gel supernatant solution 6,740 60.8 110 

IV 2nd 16,700 45.8 365 


chrome oxidase preparation obtained thus far had an activity of 2000 
units per mg. of protein. By using an extinction coefficient for reduced 
cytochrome c at 550 my of 27.7 X 10° sq. cm. X mole (10), the cor- 
responding oxygen consumption is calculated to be approximately 2 
umoles of O2 per hour per mg. of protein. 

Stability of Enzyme—The cytochrome c oxidase is stable for several 
weeks at —15° and for several hours at 4°. It is rapidly inactivated 
at 37° and at a pH less than 6. Inactivation also occurs rapidly at 4° 
upon dilution of the enzyme with 0.1 m Tris buffer, pH 7.5, to concentra- 
tions less than 10 mg. of protein per ml. The use of Tris buffer containing 
glutathione, cysteine, or bovine serum albumin fails to prevent this loss. 
The system is stable to dialysis at 4° against water, 0.1 m Tris buffer, pH 
7.5, for 1 to 13 hours. This is followed by a rapid and complete loss of 
activity which could not be prevented by pretreatment of the dialyzing 
membrane with cysteine or glutathione nor by the inclusion of these 
reagents in the dialysis bath. Neither could activity be restored by the 
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addition of adenosine di- or triphosphate, pantothenic acid, thiamine, 
pyridoxine, nicotinamide, p-aminobenzoic acid, choline, inositol, folic 
acid, or ions of aluminum, calcium, cobalt, copper, iron, lead, magnesium, 
manganese, mercury, molybdenum, potassium, sodium, tin, or zinc. 
Other Enzymes Present—The cytochrome c oxidase preparations contained 
DPN, TPN, and succinate-cytochrome c reductase activities which were 
approximately 10 times greater than that of the oxidase. The possibility 
that the observed cytochrome c oxidase activity could be ascribed instead 
to a cytochrome c peroxidase was eliminated by a number of experiments: 
(1) Preincubation of the ferrocytochrome c solution with catalase in order 
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Fic. 2. Effect of pH on cytochrome c oxidase activity 


to destroy any hydrogen peroxide that might be present or inclusion of 
catalase in the reaction mixture failed to decrease cytochrome c oxidase 
activity; (2) there was no loss in activity when dithionite-reduced cyto- 
chrome c was used instead of the usual H.-Pd-reduced cytochrome c; (3) 
the oxidase was not affected by the addition to the reaction mixture of 
hydrogen peroxide at low concentrations (10-7 mM) and was inhibited at 
higher concentrations (greater than 10-5 m); and (4) the light reversal of 
carbon monoxide inhibition and other properties of the enzyme as described 
below characterizes the system as a cytochrome c oxidase. 

pH Optimum—tThe effect of pH on enzymatic activity is shown in Fig. 2. 
There is a sharp pH optimum at pH 7.5 in Tris or in glycylglycine buffer, 
whereas phosphate and pyrophosphate buffers are completely inhibitory. 

Affinity for Reduced Cytochrome c—-The effect of different concentra- 
tions of mammalian ferrocytochrome c and a partially purified prepara- 
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tion of cytochrome c, and ¢; from A. vinelandii on the rate of cytochrome ¢ 
oxidase is shown in Fig. 3. The A,, for mammalian ferrocytochrome c¢ 
and the reduced Azotobacter cytochromes, estimated from the saturation 
curves in Fig. 3, are 2.3 &K 10-5 mM and 2.0 XK 10-°M, respectively, with an 
extinction coefficient at 551 my for reduced Azotobacter cytochrome c, 
and c; of 23.8 10®sq.cm. X mole~!(5).. Themaximal rate attained with the 
reduced cytochrome from Azotobacter is approximately 8 times that of 
mammalian ferrocytochrome c. There appears to be a striking inhibi- 
tory effect on the oxidase by higher concentrations of mammalian cy- 
tochrome c. 


AZOTOB CYTO 
ee C4 AND C5 
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Fia. 3. Effect of concentration of dithionite-reduced mammalian and Azotobacter 
cytochromes on cytochrome oxidase activity. 


There are two possibilities for the manner in which mammalian cyto- 
chrome c is oxidized by the bacterial cytochrome oxidase system. The 
electrons from reduced horse heart cytochrome c are being transferred 
either (a) indirectly to the Azotobacter cytochrome oxidase by first reducing 
endogenous bacterial cytochrome c, which is then oxidized by way of the 
oxidase, or (b) directly to the Azotobacter cytochrome oxidase without the 
mediation of bacterial cytochrome c. That a bacterial cytochrome c 
is present in the partially purified Azotobacter cytochrome oxidase prepara- 
tions was indicated by the fact that the addition of p-phenylenediamine 
to the enzyme resulted in a marked oxygen uptake. Also, spectral changes 
upon addition of dithionite to the purified oxidase indicate the presence 
of Azotobacter cytochromes cy and cs; which resemble cytochrome c in several 
important properties (4, 5). However, the presence of bacterial cyto- 
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chrome c does not eliminate the possibility ((b) above) that mammalian 
cytochrome ¢ transfers its electrons directly to the Azotobacter oxidase. 
Attempts thus far to deplete the endogenous bacterial cytochrome c 
from the oxidase have been unsuccessful. 


TABLE II 
Inhibitors of Cytochrome c Oxidase 
The values are given as per cent of inhibition. 


With reduced mammalian cytochrome | Azotobacter 
Ma terial c; final concentration 
No. and ¢ 
1073 10-4 10-5 1073 
1 | Sodium diethyldithiocarba- 62 47 30 58 
mate 
2 | 8-Hydroxyquinoline 43 32 12 52 
3. | a,a-Dipyridyl 0 0 0 
4 o-Phenanthroline 0 0 0 
5 | Salicylaldoxime 0 0 0 
6  Ethylenediaminetetraacetic 60 60 0 
acid 
7 | o-Aminophenol 0 0 0 
8 | Thiourea 0 0 0 
9 | Potassium ethylxanthate 60 0 0 60 
10 | KCN 100 56 32 
ll Sodium azide 100 81 78 
12 | Phosphate 48 22 3) 59 
13. | Carbon monoxide 
Dark 100 95 
Light, 10 min. 34 26 


* Materials 1 to 9 tested were dissolved in M/10 Tris (pH 7.5) and 1 per cent ethyl 
alcohol. Carbon monoxide was bubbled through the enzyme solution in the dark 
at 4°. The solution was then divided into two portions. One was illuminated for 
10 minutes in the cold (4°), and the other was stored in the dark. Activity was meas- 
ured on both simultaneously. 


Effect of Metal-Binding Agents—As in the case of cytochrome c oxidase 
from animal tissue, the Azotobacter enzyme is markedly inhibited by cya- 
nide, azide, and carbon monoxide (Table II) when either reduced mam- 
malian cytochrome c or Azotobacter cytochromes cy, and cs; are used. The 
inhibition caused by carbon monoxide is characteristically reversed by 
light, resulting in a restoration of most of the original cytochrome c oxidase 
activity. 

The significant sensitivity of the system to several chelating agents such 
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as sodium diethyldithiocarbamate, 8-hydroxyquinoline, ethylenediamine- 
tetraacetic acid, and potassium ethylxanthate (Table I1) suggests the 
presence of a metal constituent in the cytochrome c oxidase as well. 


DISCUSSION 


It appears from the preceding experiments that Azotobacter cells possess 
a terminal respiratory system which is capable of transporting electrons 
in a stepwise fashion from the substrate level, as represented by reduced 
pyridine nucleotides and succinate, to oxygen by way of a cytochrome 
reductase and cytochrome oxidase pathway. In most respects the system 
is similar to that described from animal tissues. The absorption spectra 
of cell-free extracts and partially purified fractions from Azotobacter 
exhibit peaks at 430, 525, 551, and 680 mu. A striking difference between 
the bacterial and the mammalian systems is the fact that the Azotobacter 
oxidase is rendered easily soluble. Another difference is the possible 
presence of a metal component in the oxidase as suggested by the inhibitory 
effects of several metal chelators. 

The ability of the Azotobacter enzyme to oxidize mammalian cytochrome 
c at an appreciable rate is of some interest. The observed rate equivalent 
to 2.2 umoles of O2 uptake per hour per mg. of protein compares favorably 
with the value of 3.3 umoles of O, per hour per mg. of protein calculated 
from rates reported for rat skeletal muscle preparations (11) and unfavor- 
ably with the 22 umoles of O2 per hour per mg. of protein calculated from 
rates reported for rat liver homogenates (12). 

Whether the present cytochrome oxidase system is part of the major 
terminal respiratory chain of the Azotobacter cells is not certain. The 
Qo, of 2000 for this organism (13) is probably the highest reported for any 
cell thus far. The reaction rate of the cytochrome oxidase preparation 
with Azotobacter cytochromes c, and c;, which gives 8 times greater activity 
than mammalian cytochrome c, falls far short of this figure. Tissiéres 
and Burris (4), working with a particulate Azotobacter preparation, re- 
ported a Qo, of 1000, with succinate as substrate. The addition of cyto- 
chromes c, and cs had no effect. They found, however, that, with ascorbate 
as substrate, the addition of cytochrome cy or cs was necessary for O2 
uptake, yielding a Qo, of 500 to 600. The possibility exists that the 
oxidation of succinate and reduced pyridine nucleotides does not proceed 
via a terminal respiratory chain that includes cytochrome oxidase. 

In the present work the effect of carbon monoxide, cyanide, and azide, 
potent inhibitors of cytochrome oxidase, was observed on oxygen uptake 
of intact Azotobacter cells as measured in microdifferential manometers. 
Carbon monoxide (80 per cent CO and 20 per cent O,) and sodium azide 
(5 X 10-4 M, final concentration) had no influence on oxygen uptake, 
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whereas potassium cyanide at 5 X 10-4 Mo final concentration inhibited 75 
per cent. This type of evidence does not necessarily argue against an 
important role of cytochrome oxidase in the terminal respiratory chain 
in view of the reports that carbon monoxide does not usually inhibit the 
respiration of mammalian tissue (14, 15). Possible explanations for the 
phenomenon have been summarized by Wainio and Cooperstein (16). 

The reasons that a cytochrome c oxidase from Azotobacter, and possibly 
from other bacteria, has not been heretofore demonstrated may be 2-fold: 
(a) there appear to be one or more inhibitors present in the growth medium 
or adsorbed to the cells, since in many cases sonic extracts prepared from 
unwashed cells showed no cytochrome c oxidase activity. If the cells were 
washed three to four times, however, then subsequently prepared cell-free 
extracts more consistently showed activity; and (b) the sonic extract seems 
to contain at least two different inhibitors which can be removed or in- 
activated by calcium phosphate gel treatment and short term incubation 
at 30°. As indicated in the purification procedure (Table I), occasionally 
cell-free extracts have been obtained which exhibited no cytochrome c 
oxidase activity until subjected to the above treatment. In effect, what 
has been described here as a purification of the enzyme may only be simply 
a removal of inhibitors. 

The possibility that the reduced mammalian cytochrome c may be 
transferring its electrons to a c type Azotobacter cytochrome, which in turn 
is then oxidized by cytochrome oxidase, is one of the aspects now being 
studied. 


SUMMARY 


The partial purification and properties of a cytochrome c oxidase from 
Azotobacter vinelandii are described. The 5-fold purified oxidase which is 
soluble and also oxidizes reduced Azotobacter cytochromes cy and cs; has a 
pH optimum at 7.5. In order to demonstrate the presence of the enzyme, 
it is necessary to wash the cells before sonic disruption in order to remove 
an inhibitor, probably phosphate. Calcium phosphate gel treatment and 
short term incubation at 30° also further activate the oxidase by removing 
other inhibitors in the preparation. The enzyme is markedly inhibited 
by cyanide, azide, and carbon monoxide. The inhibitory effect of carbon 
monoxide can be reversed by light. An additional metal component is 
present in view of the sensitivity of the enzyme to several metal chelators. 
Most of the properties of the cytochrome c oxidase from Azotobacter are 
similar to the corresponding system in mammalian tissue, including their 
absorption spectra. The markedly smaller Qo, of the enzyme as compared 
to intact cells, as well as the failure of CO and azide to inhibit O2 uptake of 
the cells, suggests that the enzyme is possibly not part of the major ter- 
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minal respiratory scheme. The preparation also contains very active 
succinate, and diphosphopyridine and _ triphosphopyridine nucleotide 
cytochrome c reductases. 
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Paper I of this series (1) demonstrated that xanthine oxidase, which 
has been inhibited with respect to the oxidation of purines and aldehydes 
by treatment with cyanide, can catalyze the oxidation of sulfite and that, 
under appropriate conditions, this oxidation is absolutely dependent upon 
catalytic amounts of hypoxanthine. This suggested that XO,' although 
inhibited by cyanide, can bind hypoxanthine and that further study of 
purine binding by XO-CN and of the interaction of XO with inhibitors 
might provide some understanding of the nature of the catalytic site of 
this enzyme. These studies and a tentative formulation of the active 
site of XO are reported here. 

Materials and Methods—The XO used in these studies was the milk 
enzyme obtained from the Worthington Biochemical Corporation. It was 
purified by chromatography on calcium phosphate, precipitation from the 
eluate with potassium phosphate, and dialysis against acetate buffer, as 
described by Avis et al. (2), followed by fractionation with ammoniacal 
ammonium sulfate according to Mackler et al. (3). Our best preparations 
exhibited a 280:450 my absorption ratio of 8.0 and an activity of 3.3 units 
as compared with a ratio of 5.0 and an activity of approximately 10 units 
reported by Avis et al. (2) for their best crystalline fraction. Enzyme 
activity is expressed as the increase in optical density per minute per 
mg. of protein per ml. observed at 290 my when XO acts on 2 X 1074 
mM HX in 0.05 mM potassium phosphate, pH 7.8, at 25°. 

Binding studies were performed by ultracentrifugation (4) and equilib- 
rium dialysis (5). Protein was determined by the method of Warburg 
and Christian (6). Enzyme flavin was assayed as the decrease in optical 
density of dialyzed XO at 450 my caused by dithionite, by using the molar 


* This work was supported in part by contract No. AT-(40-1)-289 between Duke 
University and the United States Atomic Energy Commission and by grant No. 
RG-91 from the National Institutes of Health. 

1 The following abbreviations are used: XO, xanthine oxidase; XO-CN, cyanide- 
treated xanthine oxidase; H:X, hypoxanthine; FAD, flavin adenine dinucleotide; 
PCMB, p-chloromercuribenzoate; DPNH, reduced diphosphopyridine nucleotide; 
FMN, flavin mononucleotide; 6-pteridy] aldehyde, 2-amino-4-hydroxy-6-formy] 
pteridine. 
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extinction coefficient for FAD reported by Dimant et al. (7). Enzyme. 
bound iron was determined by the method of Mahler and Elowe (8) after 
wet ashing according to Bessey ef al. (9), and molybdate was determined 
according to Dick and Bingley (10). Fluorescence was measured with a 
Farrand spectrofluorometer, model A. 

Adenine-8-C" and NaC“N were commercial preparations. 
was prepared from adenine-8-C™ by treatment with nitrous acid and was 
isolated from the reaction mixture by chromatography on Dowex 50-Ht, 
as described by Abrams and Bentley (11). 2-Amino-4-hydroxy-6-pteridy] 
aldehyde was prepared as described previously (1). PCMB was prepared 
according to Whitmore and Woodward (12) and was purified and assayed 
according to Boyer (13). Solutions of XO were stabilized with salicylate 
according to Bergel and Bray (14) and were stored at 0°. Salicylate was 
removed by dialysis before use of the XO. Unless otherwise stated, all 
solutions were prepared in 0.05 mM potassium phosphate, pH 7.8, containing 
0.005 per cent Versene Fe-III. We are indebted to Dr. G. W. Schwert for 
the ultracentrifugal separations and for helpful suggestions. 


Results 


Binding of Purines by XO-CN—The enzymatic oxidation of sulfite by 
XO-CN has been shown to be dependent upon catalytic levels of H2X. The 
concentration of H:X required for half maximal sulfite oxidation was 
similar to the K,, for the oxidation of H2X by XO (1). Thus cyanide, 
although inhibiting purine oxidation by XO, appears not to interfere with 
the binding of purines at the active site of this enzyme. This agrees with 
the observation that large amounts of XO-CN inhibit the H,X-dependent 
sulfite oxidase of dog liver (15). Studies with adenine-8-C™ and H.X-8-C" 
permitted direct demonstration of the binding of these purines by XO-CN. 
In qualitative studies by ultracentrifugal and dialysis methods, XO-CN 
bound H2.X-C™ although boiled XO-CN and bovine serum albumin did 
not. Urate, adenine, and 6-pteridyl aldehyde inhibited this binding. 
In dialysis studies designed to determine the number of binding sites for 
H.X on XO-CN, XO was dialyzed against 0.02 mM NaCN in 0.05 m potas- 
sium phosphate, pH 8.0, for 24 hours at 4° with continual agitation. 
Cyanide inhibition was completed by incubation at 28° for 3 hours. The 
XO-CN was freed from excess cyanide by precipitation with ammonium 
sulfate, followed by dialysis against cold buffer for 18 hours. 1 ml. aliquots 
of this XO-CN were placed in small cellulose acetate sacs and were equili- 
brated with 1.0 ml. of phosphate-buffered solutions of H2:X whose con- 
centration varied from 0.2 to 4.0 XK 10-? umole per ml., but whose level 
of radioactivity was constant at 1415 ¢.p.m. per ml. XO-CN was replaced 
by buffer in the controls. After equilibration for 56 hours in the cold, 
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aliquots of the dialysates were plated onto stainless steel planchets, 
and levels of radioactivity were determined. Counts bound by the 
sac contents varied from 180 c.p.m. per ml. at the lowest concentration 
of H.X to 89 ¢.p.m. per ml. at the highest concentration of H.X, with 0 
¢.p.m. per ml. in the control. The results were calculated as micromoles 
of H.X bound per micromole of enzyme-bound flavin. The results of 
this experiment are shown in Fig. 1. The line about which the experimental 
points lie extrapolates to 1 mole of H2X bound per mole of flavin at high 
levels of H.X. Essentially similar data were obtained in experiments 
in which XO-CN was incubated with H:X-C"', the protein removed by 
centrifugation at 179,000 * g for 2.5 hours, and aliquots of the super- 
natant fluid taken for determination of radioactivity. Half maximal 
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Fic. 1. The binding of H2X by XO-CN. Moles of H:X bound per mole of flavin 
are plotted as a function of the reciprocal of the H2X concentration. 


binding occurred at approximately 1 X 10-5 mM hypoxanthine; A,, for the 
oxidation of HeX by XO is approximately 5 X 10-5 Mm. Thus, the rate- 
limiting step in the oxidation of H2X by XO is not the formation of enzyme- 
substrate complex but rather a subsequent step in the electron transport 
chain. 

Reaction of XO with PCM B—The reaction of XO with PCMB was studied 
under three sets of conditions. (a) XO was incubated with an 8-fold 
molar excess of PCMB, in the absence of substrate, and the reaction followed 
by the Boyer (13) procedure. The results are shown in Fig. 2. (b) XO 
and PCMB were incubated, in the absence of substrate, for various intervals 
and then excess cysteine was added to remove unchanged PCMB. H2X 
was then added and residual enzyme activity assayed. As seen in Fig. 3, 
15 minutes of incubation were required to attain 50 per cent inhibition. 
(c) To a solution of XO in a cuvette were added consecutively, and as 
rapidly as possible, HeX and PCMB. As shown in Fig. 4, inhibition 
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appeared to be virtually instantaneous under these circumstances; no 
activity could be detected at the earliest time at which spectrophotomet- 
ric measurements could be completed. Thus, the presence of substrate 
“sensitized”’ the enzyme to attack by PCMB, presumably by exposing a 
sulfhydryl group which is essential to enzymatic activity but which is 


relatively unavailable to the reagent in the absence of substrate. The — 
linear rate curves of Fig. 3 indicate that the slow inhibition of XO by | 


PCMB in the absence of H:X was not readily reversible by excess cysteine, | 


whereas (Fig. 4) the rapid inhibition of XO by PCMB in the presence 
of was gradually reversed by excess cysteine. Acetaldehyde was found 
to affect the interaction of XO and PCMB in the same manner as H2X. 
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Fic. 2. The rate of reaction of XO with an 8-fold molar excess of PCMB. Moles | 


of SH changed per mole of XO are plotted as a function of time. 


The effect of reductants on the reversibility of the PCMB inhibition 
by cysteine was next investigated. XO was incubated with PCMB in the 
presence or absence of the reductant for 30 minutes at 25°, after which 
excess cysteine was added and the enzyme dialyzed free from PCMB 
against 0.05 M cysteine and then assayed. Both dithionite and borohy- 
dride were effective in preventing the irreversible inhibition of XO by 
PCMB when added a few seconds before addition of the mercurial but 
were without effect if added at the end of the incubation of PCMB with 
enzyme, a few minutes before addition of the cysteine. Thus, either these 
reductants prevent reaction of XO with PCMB, which seems unlikely, 
or the reaction of PCMB with XO in the presence of reductants, as in the 
presence of hypoxanthine or acetaldehyde, is reversible by cysteine. 

Reaction of XO with Cyanide—-The inhibition of XO by cyanide has been 
extensively studied (16) and has been stated to be a relatively slow but 
irreversible reaction. Substrates have been shown to protect the enzyme 


ugi 
site 
evi 
the 


A O.D. 2900 A? 


| | 
j 
| 
of | 
iba 
wit 
| det 
CYS 
| 
an 
we 
| be 
ag 
me 
de: 


oles 


I. FRIDOVICH AND P. HANDLER 903 


against this inhibitor. Ontheassumption that cyanide may attack the same 


site as does PCMB, the ability of various reductants to protect XO against 


cyanide inhibition was examined. XO was exposed to 0.0025 M cyanide in 
the presence of several reductants (0.045 mM). After 20 minutes at 25°, the 
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MIN. 
Fig. 3. The inhibition of XO by PCMB in the absence of H2X. At 0 time, 0.5 ml. 
of 0.010 wm PCMB was added to 2.5 ml. of an XO solution. 10 (middle line) or 20 
‘bottom line) minutes thereafter 0.1 ml. of 0.25 m cysteine was added, followed 
within 10 seconds by 1.0 umole of H-X in 0.1 ml. of buffer, and the change in optical 
density at 200 mg recorded at minute intervals. In the 0 time control (top line), 
cysteine was added to the enzyme before PCMB. 


solutions were dialyzed for 48 hours against many changes of cold buffer 
and assayed. Controls in which cyanide and reductants were omitted 
were run simultaneously. The results in Table I indicate that dithionite, 
borohydride, and sulfite, in order of decreasing effectiveness, protect XO 
against cyanide inhibition. Ascorbate was without effect. Microcolori- 
metric assays (17) on cyanide solutions after exposure to these reductants 
demonstrated that cyanide is not attacked by these reductants; thus their 
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protective action must reflect reaction with the cyanide-sensitive site of the 
enzyme. XO loses activity upon aging; the results in Table I demonstrate 
that sulfite and, to a lesser extent, dithionite protect XO against this aging 
loss. 


MIN, 

Fic. 4. Inhibition of XO by PCMB in the presence of H:X and its reversal by 
cysteine. H:X (1.0 umole) was added to 2.5 ml. of XO solution, followed imme- 
diately by 0.5 ml. of 0.010 m PCMB. Changes in optical density at 290 my were 
recorded at minute intervals. The arrows indicate the addition of 0.1 ml. of 0.25 
M cysteine. The upper line is a control from which PCMB was omitted. 


TABLE I 
Effect of Reductants on Cyanide Inhibition of Xanthine Oxidase 
Cyanide Reductant Specific activity* Inhibition by CN~ Aging loss 
per cent 
_ 0.29 45 
+ 0.10 65 
- Sulfite 0.41 23 
0.19 51 
Ascorbate 0.29 45 
+ 0.10 65 
-- Borohydride 0.30 43 
4 0.22 27 
- Dithionite 0.32 40 
+ ” 0.30 7 


* A optical density, 290 my, per minute per mg. of protein. 


Reducing reagents are also effective in reversing the effects of cyanide 
pretreatment. XO with a specific activity of 2.5 was treated with cyanide 
and dialyzed against buffer, reducing its specific activity to 0.0015. Dialy- 
sis of this XO-CN against dithionite in 0.2 M acetate, pH 4.6, for 36 hours 
at 0° and then against changes of cold buffer for 18 hours raised its specific 
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activity to 0.40, a 92-fold gain in activity. Control samples of XO-CN 
not treated with dithionite did not regain activity. 

The rate of inhibition of XO by cyanide increases with increasing pH, 
indicating that the attacking species is probably the cyanide anion. In the 
course of these studies boric acid was unexpectedly observed to protect 
XO against cyanide inhibition. This effect is illustrated in Fig. 5. It 
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Fic. 5. Protection by boric acid against the inhibition of XO by cyanide. XO 
was incubated with 0.01 a NaCN in 0.40 m Tris or 0.20 m Tris plus 0.20 m borate, at 
pH 7.8. At intervals after addition of the cyanide, 0.2 ml. aliquots were delivered 
into 3.0 ml. of phosphate buffer (pH 7.8) containing 1 umole of H:X and residual XO 
activity was assayed in terms of the changes in optical density at 290 my. Per cent 
inhibition is plotted as a function of the time of incubation of XO with cyanide in 
each of the buffers. 


appears probable that boric acid, which does not protect cytochrome oxidase 
against cyanide inhibition, does not react with cyanide per se, but with 
some aspect of the active siteof XO. Competitive inhibition of XO by boric 
acid, with xanthine as substrate, has been reported by Rousch and Norris 
(18) and has been confirmed in this laboratory, with hypoxanthine as 
substrate; essentially similar data were obtained. 

The failure to reverse cyanide inhibition by simple dialysis led to an 
investigation of the binding of C“N- by XO. XO was incubated with 
C'N- for 2 hours at 25°, after which the solution was exhaustively dialyzed 
against cold, agitated buffer, and then counted. Enzyme which had been 


the 
ing 
by | 
ne- 
ere 
).25 
de 
de 
y- 
irs 
fic 


906 ACTIVE SITE OF XANTHINE OXIDASE 


99.5 per cent inhibited by C'N- was found to contain 1 mole of non- 
dialyzable cyanide per mole of FAD. The presence of H2X in the enzyme- 
C'4N~— incubation mixture prevented 50 per cent of the inhibition and 50 
per cent of the cyanide binding. Dithionite also prevented both inhibition 
and binding. This parallel action of H2X and of dithionite on both in- 
hibition and binding presumably indicates that the bound cyanide is 
fixed at the active site of the enzyme. 

Role of Iron in Xanthine Oxidase—Highly purified XO has been reported 
to contain, per molecule of FAD, 4 atoms of iron which are not removed by 
dialysis (19). Repeated iron determinations on several preparations of XQ 
in this laboratory have indicated between 1.1 and 2.0 atoms of iron per 
molecule of FAD, in accord with the present cyanide-binding studies but 
not with the values reported in the literature. 

The best preparations contained 0.45 per cent of FAD as compared with 
0.51 per cent reported by Avis et al. (19) for crystalline enzyme. The iron 
to molybdenum ratio found in these studies was 4, in accord with that 
described for the crystalline enzyme. Inasmuch as our preparation was 
one-third as active as the crystalline enzyme, it may contain a flavo- 
protein contaminant, although this seems unlikely since, as reported by 
Corran et al. (20), enzyme activity closely follows the flavin content during 
the purification procedure and the preparation binds 1 molecule of H2X per 
FAD. Known amounts of iron added to XO were completely recovered, 
thus presumably validating the assay method. At present, therefore, the 
discrepancy between the levels of molybdenum and iron reported here 
and those in the literature remains without explanation. 

Removal of iron from XO was attempted by applying the procedure used 
to remove iron from ferritin (21). When dialyzed against acetate buffer, 
pH 4.6, containing dithionite and dipyridyl, XO lost iron. Pretreatment 
of XO with cyanide protected the enzyme against loss of iron. Thus, in 
one experiment XO lost 22 per cent of its iron while XO-CN lost 4 per cent. 
With prolonged dialysis XO lost 42 per cent of its iron while XO-CN lost 
21 percent. Since similar treatment of XO in the absence of dithionite or 
dipyridyl partially inactivates the enzyme, it was not possible to correlate 
iron content and enzyme activity. Addition of FeSO, + MoO; failed to 
restore the lost activity. 

The red color of XO has been variously attributed to an unknown 
chromophoric group (3) or to a peculiarity of the link between FAD and the 
apoenzyme (22). Richert and Westerfeld (23) have reported that acidifi- 
cation of XO solutions eliminates much of its anomalous absorption in the 
blue region and results in an absorption spectrum more nearly that expected 
of a flavoprotein. Since colored chelates of metals with weak acids are 
destroyed by acidification, it appears possible that the red color of XO 
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relates to chelation of the iron moieties. Albert (24) reported that ribo- 
flavin has a remarkably high affinity for ferrous ions and suggested that the 
activity of flavoproteins may be associated with metallic ions. Foye and 
Lange (25) have prepared a riboflavin-iron complex by reaction of ferrous 
iron With riboflavin at pH 9.0. The reaction is accompanied by liberation 
of protons and does not occur in acid solution. The resultant complex is 
reddish brown. 

Binding of Purines by Free Flavins—The coincidence of the number of 
purine-binding sites with the number of molecules of FAD in XO led to the 
postulate that the isoalloxazine ring of FAD constitutes a binding site for 
purines. Bergmann and Dikstein (26) have, as a result of substrate 


02 6 10 4 8 22 26 30 WA 38 
HYPOXANTHINE (x107M.) 
Fic. 6. Quenching of the fluorescence of 10-5 M riboflavin by H2X. The solution 
was excited at 280 my and the light emitted at 560 mu measured. The arrow indi- 
cated the point of half maximal quenching at 9 X 10-4 mM H2X. 


specificity studies, suggested that electron transfer occurs directly from the 
purine substrates of XO to the isoalloxazine ring of FAD and have noted 
the molecular congruence of these structures. Further support of this 
concept is provided by the quenching of the fluorescence of riboflavin by 
purines observed by Weber (27), who concluded that this quenching is 
due to formation of a non-fluorescent molecular complex between the 
purine and isoalloxazine rings. By utilizing this quenching of fluorescence, 
it has been possible to determine binding constants for the reaction of 
H.X with flavins. Fig. 6 illustrates the effect of increasing concentrations 
of H»X on the fluorescence of a 10-5 m solution of riboflavin. The con- 
centration of H2X which caused half maximal quenching was taken as the 
binding constant. The possibility of apparent quenching by simple 
absorption of the exciting light was eliminated by employing incident light 
of wave lengths not absorbed by the purine in question. Half maximal 
quenching of the fluorescence of solutions of riboflavin, FMN, and FAD 
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was caused by 9, 16, and 9 X 10-* m H2X, respectively. Inosinic acid at 


4 X 10-‘ Mo caused half maximal quenching of the fluorescence of a ribo. | 


flavin solution. Solutions of XO do not fluoresce appreciably so that 
this technique could not be applied to a study of the enzyme per se. 

The alteration in structure of FAD when protein-bound appears to 
enhance purine binding to the isoalloxazine moiety since the oxidative 
K,, for H:X is about one-twentieth the concentration required for half 
maximal quenching of the fluorescence of free FAD. Acetaldehyde sini- 
larly quenched the fluorescence of riboflavin whereas ethanol, acetic acid, 
and formaldehyde were inert. The binding constant for acetaldehyde was 
4.9 X 10-* M, as compared with an oxidative K,, of 2 & 107°. 

DPNH Oxidation by XO—In accord with the observations of Avis et al. 


(19), our best fractions of XO exhibited relatively feeble DPNH oxidase | 


activity. The rate of oxidation of H:X by these preparations was two 
orders of magnitude greater than the rate of oxidation of DPNH. More. 
over, cruder fractions occasionally exhibited relatively greater DPNH 
oxidase activity than did highly purified fractions, suggesting that DPNH 
oxidation by XO preparations may be non-enzymatic and due to a con- 
taminant, in accord with Vennesland’s observation (28) that this oxidation 
is not stereospecific for either side of the pyridine ring of DPNH. Also in 
accord with this hypothesis is the observation that DPNH oxidation by 
XO is not sensitive to cyanide, PCMB, or 6-pteridyl aldehyde. 


DISCUSSION 
The data which have been presented are consistent with the presence 


of a ferric mercaptide group as an essential part of the active site of XO. | 
Reduction of this group by an electron derived from the substrate could | 
open the mercaptide bond, yielding a sulfhydryl group and ferrous iron. | 


This formulation is suggested by the data obtained with PCMB and cya- 
nide. PCMB would react rapidly with the sulfhydryl of the reduced site; 
treatment with cysteine would yield the reduced group which, by subse- 
quent loss of an electron via the electron transport chain of the enzyme, 
would regenerate the ferric mercaptide. Cyanide would react by adding 
across the iron-sulfur bond, yielding a stable ferric-cyanide complex and, 
consequently, irreversible inhibition. Reduction of the iron to the ferrous 
state weakens the iron-cyanide bond and permits reactivation by dialysis. 
Substrates and reductants protect against cyanide inhibition by main- 
taining the active site in the ferrous form. The present value of 1 to 2 
iron atoms per flavin moiety is not in accord with previously recorded values 
but is consistent with the results of the cyanide-binding studies. Inter- 
ference by cyanide with the removal of iron from XO by dialysis against 
dithionite and dipyridy] is another indication that cyanide is bound at the 
iron atoms and that these iron atoms are essential to the functioning of the 
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active site. The oxygen-binding site of hemerythrin is also thought to be 
an iron-mercaptide group (29). 
The binding studies leave no doubt that cyanide inhibition of XO does 


not interfere with its ability to bind purines. The coincidence between the 


number of purine-binding sites and the number of molecules of FAD in XO 
and the fluorescence-quenching data are in accord with the hypothesis of 
Bergmann and Dikstein (26) that the isoalloxazine ring of FAD constitutes 
the purine-binding site. The ability of acetaldehyde to quench the fluores- 
cence of riboflavin suggests that aldehyde binding may also take place at 
the flavin. Binding of the flavm ring system to purines is modified by the 
apoenzyme; thus inosinic acid quenches the fluorescence of free flavins but 
is neither substrate nor inhibitor for XO and presumably is not bound at 
the active site. As stated by Rousch and Norris (18), the ability of boric 
acid to react with vicinal hydroxyl groups suggests that its action on XO 
may involve reaction with the ribityl or ribosyl groups of FAD. The 
competition by boric acid with both H2X and cyanide for the active site 
suggests that the ferric mercaptide group and the isoalloxazine ring must 
be located in close proximity. 

XO has been found to contain molybdenum (3, 19) and subcutaneous 
administration of molybdenum to weanling rats has been shown to increase 
the level of xanthine oxidase activity of intestinal mucosa (30). Mackler 
et al. (3) suggested that molybdenum functions in XO as an obligatory 
electron transport bridge to 1 electron acceptors such as cytochrome c. 
However, other investigators (1, 19) have not been able to duplicate some 
of the observations upon which this hypothesis rests. Totter and Comar 
(31) concluded that there is no evidence in their studies which indicates 
that reduction of molybdenum occurs in the operation of XO. 1 electron 
acceptors were not used in the present studies. However, in view of the 
ability of ferrous iron chelates to reduce cytochrome c (32) and of the 
demonstration of a free radical intermediate in the functioning of metal-free 
flavoproteins (33), there does not appear to be a compelling reason to 
postulate an obligatory role for molybdenum in the functioning of the XO 
electron transport system. In the assay for molybdenum generally 
employed (10), small amounts of iron markedly enhance the color asso- 
ciated with a given amount of molybdenum; a stable complex of molyb- 
denum and iron was proposed as an explanation of this effect. If iron has 
a great affinity for certain valence states of molybdenum, it is possible that 
the molybdenum of XO is associated with the iron at the active site; this is 
under investigation. 

By combining the observations presented in this paper and those reported 
previously (1), it is possible to propose a partial structure for the active 
site of XO consistent with the known properties of this enzyme (Fig. 7). 
In this tentative formulation, the active site contains both known FAD 
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moieties (19), only one of which is oxidizable by oxygen or dyes. The irons 
at the active site are involved in several bonds; 7.c., to an:adjacent sulfhy- 
dryl and to each of the flavins. Electrons pass from the purine substrates 
to the first flavin and thence via the ferric-mercaptide groups, which are 
each single electron acceptors, to the second flavin, from which they may 
pass to oxygen or other acceptors. PCMB and cyanide both inhibit by 
interfering with the ability of the iron-mercaptide groups to pass electrons 
from the first flavin to the second. Weber et al. (32) have reported that 
it is a general property of leucoflavoproteins to reduce ferric to ferrous 
iron. From the kinetics of the inhibition of XO by excess purine substrate, 
Hofstee (34) concluded that there are two purine-binding sites and that 
binding of substrate at the second site inhibited oxidation of that bound 
at the first site. Morell (22) suggested that there are two types of FAD 


H>X—FAD< >FAD— 


\ 


/ 


Fic. 7. A proposed structure of the active site of XO. Covalent or coordinate 
bonds extend from each FAD, 8, and Fe to appropriate moieties of the apoenzyme. 
The arrows denote electron paths. i 


associated with XO, only one of which is immediately reducible by sub- 
strate. In the present hypothesis, at high substrate concentration sub- 
strate would also combine with the isoalloxazine ring of the autoxidizable 
flavin and thus prevent interaction with oxygen or other electron acceptors. 
The two flavins might differ in E, or might be initially equivalent and 
the entire structure sufficiently polarizable that combination of one 
flavin with substrate renders it non-autoxidizable and leaves the other 
flavin as the only outlet for electrons from the substrate. The possible 
relation of the additional iron atoms and of molybdenum to this structure 
remain to be determined. 


SUMMARY 


The interaction of xanthine oxidase with substrates and inhibitors has 
been studied. Substrates expose to PCMB an essential sulfhydryl group. 
Both substrates and reductants prevent cyanide inhibition. Treatment 
with strong reductants accompanied by dialysis reverses cyanide inhibition. 
The enzyme binds | mole of cyanide per mole of FAD. 
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Iron may be removed from XO by dialysis against dithionite and di- 


pyridyl; cyanide prevents iron loss under these conditions. Borate 
competitively inhibits purine oxidation and protects against cyanide 
inactivation. 


Cyanide-treated enzyme binds | mole of purine per mole of FAD. 


This binding appears to occur at the flavin moieties. 


A structure is proposed for the active site which appears to be consistent 


with the known properties of xanthine oxidase. 


Noo 
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A STUDY OF THE CITRIC ACID CYCLE 
IN ERYTHROCYTES* 


By RASHID M. DAJANI ann JAMES M. ORTEN 


(From the Department of Physiological Chemistry, Wayne State University College of 
Medicine, Detroit, Michigan) 


(Received for publication, October 31, 1957) 


It has been known for some time that the rate of respiration in nucleated 
erythrocytes differs from that in non-nucleated red cells. Warburg (1) 
in 1909 and later Michaelis and Salomon (2), in 1930, demonstrated that 
mammalian red cells have a relatively high rate of aerobic and anaerobic 
glycolysis but a low rate of respiration. On the other hand, nucleated 
avian red cells have low aerobic and high anaerobic glycolysis with a high 
rate of respiration. Until recently, the pathway of oxidation in these 
cells was almost obscure. Evidence based on enzymatic studies which 
point to the possible existence of the citric acid cycle in avian red cells 
and to its absence from mammalian erythrocytes has been obtained in 
several other laboratories (3-5). However, the actual oxidative pathways 
in these cells have not as yet been conclusively demonstrated. More- 
over, the citric acid cycle has been implicated in the biosynthesis of por- 
phyrins and perhaps other substances in nucleated erythrocytes by way of 
the Shemin ‘“‘succinate-glycine cycle” (6). It is apparent, therefore, 
that additional evidence is needed to determine whether a cycle in its 
classical or a modified form is operative in erythrocytes. For this purpose, 
the present study of the separation, identification, and measurement of 
the individual acids of the cycle after incubating erythrocytes with labeled 
precursors was undertaken. 


EXPERIMENTAL 
Determination of Citric Acid Cycle in Erythrocytes 


Preparation of Erythrocyte Extract—200 to 250 ml. of fresh pooled blood 
were obtained from the jugular vein of white Plymouth Rock chickens. 
The blood was received in a flask containing a solution of 25 mg. of heparin 
in 5 ml. of 0.9 per cent saline, in which 2 to 4 mg. each of penicillin and 


* The data in this paper are taken from a dissertation submitted to the Graduate 
School of Wayne State University by Rashid M. Dajani, in partial fulfilment of the 
requirements for the degree Doctor of Philosophy, June, 1957. Supported by re- 
search grant No. CY-2144 from the National Institutes of Health. A preliminary 
report was presented before the American Society of Biological Chemists at Chicago, 
April, 1957. 
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streptomycin were dissolved. For the study of the citric acid cycle in 
non-nucleated red cells, heparinized canine or bovine blood was. used. 

Because the citric acid cycle is known to be active in leukocytes (7-9), 
the separation of these cells from erythrocytes is mandatory for the study 
of the cycle in red cells. Indeed, in preliminary trials, higher levels of the 
acids of the cycle were obtained from erythrocyte preparations contami- 
nated with leukocytes. The separation of erythrocytes free from the other 
elements of blood was made by the technique of Vallee et al. (10) with 
use of a 30 per cent solution of bovine albumin. The cells were then washed 
twice with 35 ml. of Krebs-Ringer phosphate buffer (11), and were sus- 
pended in more Krebs-Ringer phosphate containing the antibiotics to 
make a final suspension of erythrocytes with a 20 per cent hematocrit 
reading. 

A 50 ml. aliquot of the erythrocyte suspension thus prepared was trans- 
ferred to each of two 500 ml. suction flasks. To one flask was added the 
substrate under investigation, previously dissolved in 5 ml. of Krebs- 
Ringer phosphate, whereas the other served as a control. Incubation 
was carried out in an atmosphere of 95 per cent O2 and 5 per cent CO, 
at 37.5-38° for 4 hours with a continuous gentle shaking of the flasks. One 
series of experiments was performed with chicken plasma as the medium 
of incubation. Because the results agreed well with those obtained 
with cells incubated with Krebs-Ringer phosphate, the use of the latter 
medium was adopted for the remainder of the study. 

After incubation, the flasks were transferred immediately to a low tem- 
perature storage cabinet in order to stop enzymatic activity and to initiate 
hemolysis of the erythrocytes. The suspension was allowed to stand 
for an hour or so until solidified. The solid mass was then thawed in a 
water bath at 40°. Most of the cells were hemolyzed by this treatment. 
Immediately after thawing, 350 ml. of anhydrous acetone were added in 
small portions with continuous stirring, followed by 0.8 ml. of 5 N H.SO,. 
The mixture was stirred and allowed to stand in a refrigerator for 24 hours. 
The crude acid-acetone extract was then centrifuged and the supernatant 
solution was transferred to a 1 liter round bottomed flask. The residue 
was washed twice with 100 ml. of acetone and the washings were added 
to the supernatant solution. The combined fluids were evaporated to a 
volume of 25 to 30 ml. in a rotary evaporator (Rinco). The solution 
was again centrifuged to remove fats, acid hematin, and any solid extrae- 
tive present. The clear supernatant solution was transferred to a 100 
ml. flask and evaporated to dryness. The residue was taken up in 5 mil. 
of 20 per cent (v/v) tert-amyl alcohol in chloroform and 2 ml. aliquots of 
the resulting solution were placed on a silica gel column for the separation 
and determination of the organic acids present. 
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Column Chromatography—The procedure used in this study is based 
upon several methods described in the literature (12-15), and modified in 
such a way so as to give a higher degree of accuracy, sensitivity, and repro- 
ducibility. 

The column was prepared by mixing thoroughly 5.5 ml. of 0.05 n HSO, 
with 9 gm. of silicie acid (Mallinckrodt analytical reagent grade, 100 
mesh. Only that portion which passed through a 100 mesh but was 
retained by a 150 mesh sieve was used. The powder was dried in vacuo 
at 100° before use). The hydrated silicic acid was made into a suspension 


TABLE I 
Per Cent Recoveries of Organic Acids from Mixtures of Pure Solutions and 
from Acids Added to Erythrocyte Suspensions 


Pure solutions 
Acid 
Mean* Range Mean* Range 
97.5 90-101 .5 94.8 | 87.0— 99.0 
5 ESS 97.0 92— 98.5 91.3 | 89.0— 94.0 
97 .0 95-— 99.0 95.8 | 93.0- 98.0 
95.8 93- 98.5 98.3 | 94.0-100.0 
95.8 89— 98.0 95.4 | 90.0— 97.0 
99.8 97-101 .0 99.5 | 97.0-100.5 
98.3 96-100 .0 95.5  92.0- 98.0 
95.5 93- 98.0 96.8 | 92.0- 98.0 


* Average of six to twelve determinations. 
t The sum of cis and trans forms. 


with 60 ml. of water-saturated chloroform and poured into a 12 X 360 
mm. glass chromatographic column to which was attached an inter- 
changeable sintered glass disk of medium porosity. The silicic acid was 
packed with air pressure to a final height of 25 em. A 2 ml. aliquot of 
the sample prepared from pure acids or from extracts of tissues in 20 per 
cent fert-amyl alecohol-chloroform was transferred to the column. The 
sample was then forced into the silica gel with air pressure and followed 
by 2 ml. of chloroform saturated with water so as to rinse the adhering 
acids from the sides of the tube. 

The organie acids were eluted from the column with water-saturated 
chloroform until ten fractions were collected and then by a gradually 
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and automatically increasing concentration of the tert-amyl alcohol- 
chloroform influent. The apparatus employed for this purpose permitted 
the introduction of 45 per cent tert-amyl alcohol-chloroform continuously 
under 15 mm. (Hg) pressure of N» into a second flask containing chloro. 
form covered with distilled water provided to keep the system saturated 
with water. The alcohol and chloroform were mixed by a magnetic 
stirrer before entering the column. 200 fractions of 180 drops each (45 
ml.) were collected under 2 ml. of H2O in every run in an automatic frac- 
tion collector. These fractions were titrated with a 0.0200 n NaOH by 
means of a Rehburg microburette with phenol red as an indicator. 

Recovery Studies—With the exception of oxalacetic acid, recoveries 
of the organic acids from pure solution were nearly quantitative (Table I), 
Recoveries from erythrocyte preparations were likewise satisfactory except 
for acetic acid, which, in addition to the labile oxalacetic acid, was lost 
in part during the process of evaporation. Oxalosuccinie acid was also 
not recovered completely even from pure solution because of its extreme 
lability. The values for aconitic acid given in Table I represent the sum 
of the equilibrium mixture of cis and trans forms of the acid (16, 17). 

Paper Chromatography—The identity of the acids obtained by column 
chromatography was further confirmed by the paper chromatographic 
procedure of Ladd and Nossal (18), with use of the acidic solvent in the 
descending technique. Pure acids and mixtures of pure acids with those 
obtained from the erythrocyte preparations were chromatographed simul- 
taneously. 


RESULTS AND DISCUSSION 


Incorporation of Certain Unlabeled Substances in Cycle—The first step 
was the measurement of the levels of the preformed acids in nucleated 
and non-nucleated erythrocytes after they had been processed as pre- 
viously outlined. In Table II the results of these experiments are given. 
Because small amounts of the cycle acids were found in nucleated erythro- 
cytes, the data suggest the presence of a metabolic mechanism or mech- 
anisms which could produce these acids. This is merely speculative at 
this stage of the investigai. ~. for it can be argued that the acids could 
have gained entrance into the cells by diffusion from the organic acid 
pool in plasma. Yet negligible amounts are present in non-nucleated 
cells. If a citric acid cycle in nucleated erythrocytes is the main proc- 
ess responsible for the accumulation of these substances, a study of 
their formation from appropriate substrates would undoubtedly cast 
some light on the problem. 

For this purpose 1 mg. each of unlabeled acetate, citrate, a-ketoglutarate, 
or malate as a substrate was incubated with erythrocytes. Data such 
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as those shown in Table III were obtained. Attempts to raise the level 
of biosynthesized acids further by increasing the amounts of substrate 


10-fold were unsuccessful. 


TABLE II 


Average Concentrations of Cycle Acids in Washed Erythrocytes Suspended 
in Krebs-Ringer Phosphate Buffer* 


Acid Non-nucleated Nucleated 
mmole perl. XK 107% mmole per l. K 107% 


* 20 per cent suspension. 


t Amount too small to be determined accurately. 


TaBLeE III 


Average Concentrations in Millimoles per Liter X 10-* of Cycle Acids in Nucleated 
Erythrocytes Incubated with Certain Substrates for 4 Hours 


Acid Control | aid, aid, | Malic acd 
4.0 6.5 6.2 5.9 5.8 
15.0 40.5 41.6 39.2 40.6 
Aconitic (cis plus trans).......... 0.9* 1.8 7.0 8.0 1.8 
0.9* 1.9 1.9 1.9 1.9 
a-Ketoglutaric.................-. 2.5 18.0 16.3 136.5 17.8 
2.5 36.5 35.7 36.7 | 140.0 
4.0 30.0 28.8 29.7 29.6 


* Amount too small to be determined accurately. 


A comparison between the amounts of cycle acids in nucleated erythro- 
cytes after incubation with the substrates (Table II1) and those of the 
control nucleated cells (Table II) show, with no exception, that the levels 
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of all acids are higher in the former. It would appear, therefore, that 
an active synthesis of the cycle intermediates does exist in chicken eryth- 
rocytes. This, indeed, is the first direct indication that the cycle js 
functioning in these cells. Others (5, 6) have reported that most of the 
enzymes of the citric acid cycle are present in avian erythrocytes. How- 
ever, this may be considered indirect evidence for the existence of the cycle 
in these cells. 

The data in Table III further indicate that citrate, a-ketoglutarate, 
and malate are well utilized by the cell for the biosynthesis of the rest of 
the cycle intermediates. This is also true of acetate which gave rise to 
similar quantities of acids when employed as a substrate. It is note- 
worthy, however, that none of the cycle components appears to accumulate 
in high concentrations. This is to be expected if the cycle is operative 
because the average lifetime of these components, at least in the kidney 
and liver, was found to be of the order of a few seconds only (19). 

Furthermore, the ratio of the amounts of citrate, aconitate, and iso- 
citrate is in close agreement with that reported by Krebs and Eggleston 
(16) for the three acids in a state of equilibrium. If we accept the data 
in Table III at face value, it follows that an active biosynthetic mechanism 
for the cycle acids does occur in nucleated chicken erythrocytes under the 
conditions of the experiment. 

Incorporation of Acetate-1-C'*—For the confirmation of the function- 
ing of the cycle in chicken red cells, radioactive acetate was used. 0.45 
mg. of sodium acetate-1-C™ (activity, 4.11 we. per mmole) was diluted with 
4.0 mg. of non-labeled NaAc-3H.O, which served as a carrier. After 
incubation of the cells in the presence of this substrate in the usual way, 
the acids were extracted, and chromatographed, and the fractions collected 
were titrated. The aqueous layer from each fraction was transferred to a 
cupped aluminum planchet and dried either spontaneously in air or under 
an infrared light. Each planchet was measured for radioactivity in a 
gas flow counter. The total amount of each acid and its specific activity 
were then calculated. The results are shown in Table IV. The data for 
the concentration and specific activity of the respective acids leave no 
doubt that all steps of the cycle can occur in nucleated red cells. The 
amounts of each acid are markedly increased by the presence of the various 
substrates over and above the corresponding values of the control. Also, 
because each acid exhibited a considerable amount of activity, this labeling 
is interpreted as due to actual biosynthesis from the substrate employed 
via the several stages of the cycle. It is to be noted, however, that the 
specific activities of the individual acids are different. By way of com- 
parison, all of the dicarboxylic acids, with the exception of succinic, were 
of similar specific activities. The specific activity of succinate was con- 
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sistently about 20 per cent higher. In contrast to this, the tricarboxylic 
acids exhibited much higher specific activities (about 60 per cent more), 
while pyruvic and lactie acids, as would be expected from labeling on 1 
carbon atom only, contained about half as much. 

Experiments with fluoroacetate have given results which are in harmony 
with the view that citrate accumulates in the presence of this inhibitor 
(20), thus providing further evidence that the cycle is functioning in 


TABLE IV 


Average Concentrations and Specific Activities of Cycle Acids in Nucleated 
Erythrocytes Incubated with Acetate-1-C'' 


ma perl. X C.p.m. per mmole X 10° 
Incubated with: 
Acid Acetate yy 
(1) + Acetate | +,mal- 
(1) malate | oroace- acetate 
(2) tate 
(3) 
15.0 | 37.1 45.0 | 57.0 19.7 19.4 18.6 
1.0* 28.5 28.5 49.5 (490.0 470.0 | 462.0 
Aconitie (cis plus trans)....... 0.9* 1.6 1.6 1.1* 429.0 420.0 | 440.0 
1.9 1.6 1.1* 420.0 430.0 | 435.0 
a-Ketoglutaric............... 2.5 16.5 16.0 3.6 265.0 270.0 | 265.0 
5.0 48.9 49.7 | 48.5 | 332.0 332.0 | 260.0 
Fumaric....................| 12.5 | 3.0 | 51.0 | 49.5 | 275.0 | 278.0 | 280.0 
2.5 35.0 39.5 39.0 267.0 280.0 | 278.0 
Oxalacetic. 4.0 | 22.5 | 28.0 135.0f 254.0 | 280.0 | 290.0 


* Amount too small to be determined accurately. (1) NaAc-3H.O, 4 mg.; NaAc- 
1-C'' (activity 4.11 me. per mmole), 0.45 mg.; (2) L-malic acid, 0.05 mg.; (3) fluoroace- 
tic acid, 0.5 mg. 

t Mixed with acetoacetate. 


nucleated erythrocytes. The results obtained are given in the fourth and 
last columns of Table 1V. Whereas the concentration of citrate is nearly 
doubled, the amounts of aconitate and isocitrate decreased somewhat 
(although their levels are measured at the limit of accuracy of the technique 
employed), and that of a-ketoglutarate decreased remarkably. It may 
be noted that the specific activity of citrate remained essentially unaltered, 
despite the increase in its amount. In contrast, there was no significant 
decrease in the levels of succinic, fumaric, and malic acids, whereas that 
of oxalacetic acid was nearly five times higher. 
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Table IV also gives the amounts of the intermediate acids synthesized 
when acetate alone was used as compared to those obtained when the cycle 
was primed with small amounts of malate (50 7) or then blocked with 
fluoroacetate. It will be noted that ‘‘priming”’ by the addition of malate, 
under the conditions of the experiment, resulted in little additional change 
in the amounts of the cycle acids or their specific activities. 

Because the early stages in the sequence of reactions in the cycle are 
blocked in the presence of fluoroacetate, one would expect the acids in the 
later steps to diminish and finally to disappear entirely. That this is not 
the case is evident from the data in Table 1V. It seems that the inhibi- 
tion of aconitase was not complete since minute amounts of aconitate, 
isocitrate, and a-ketoglutarate have been found in excess of the control. 
Doubling the quantity of fluoroacetate did not bring about any further 
decreases in the quantity of these acids. The effect of fluoroacetate on 
the levels of the dicarboxylic acids is explained on different grounds, to 
be discussed shortly. 

Fractions collected from duplicate runs on the same extract were used 
for paper chromatographic studies and the identity of each acid was con- 
firmed by this technique. The acids, as obtained from the pooled frac- 
tions, were homogeneous on paper and did not show any contamination 
with other substances which would result in higher counts. This left 
no doubt that all the activity obtained resided in the particular acid. 

It must be stressed that the above isotope experiments do not supply 
information on the quantitative aspects of the problem. Likewise, the 
degree of incorporation as well as the location of the isotope need to be 
ascertained, a question which has not been answered in this study. More- 
over, the data do not indicate how much of acetate has passed over the 
cycle, and leave open the problem of whether there are other pathways 
in nucleated red cells which could accomplish complete oxidation of acetate. 

The accompanying Fig. | is a typical chromatogram which shows the 
levels of the organic acids when acetate was used as a substrate. Imposed 
on it is another chromatogram obtained from the radioactive measure- 
ments of the same fractions of the first chromatogram. <A graph for the 
citrate fraction produced by fluoroacetate inhibition is also shown. It 
may be noted that the relative activities obtained on each fraction cor- 
responded closely to the relative titration values. 

Because the total amounts and specific activities of the succinate frac- 
tion were higher (Table IV) than expected, it was felt necessary to check the 
purity of the labeled acetate sample for possible contamination with suc- 
cinate. To achieve this, a 1.0 mg. sample of the sodium acetate-1-C" 
was mixed with 4 mg. of unlabeled sodium acetate and 0.3 mg. of succinic 
acid as carriers and then dissolved in 5 ml. of water. The solution was 
acidified with an equivalent amount of 0.05 n H.SO, and then extracted 


mi. of 0.0200 N. NaOH 


= 


° 
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as was done with erythrocytes. Upon counting, only very active acetate 
was found in the fractions corresponding to acetate. No activity could 
be detected in the subsequent fractions which could account for the high 
activity of the succinic acid obtained from nucleated erythrocyte in- 
cubates. The counts in these fractions were practically the same as 
that of the background. 

0.70 5 
— Titration curve 
Titration curve of citrate -isocitrate fractions { 
0.60 - c'4 activity curve, 12 
aso- TITRATION AND C'* ACTIVITY CURVES 1o- 
OF CYCLE ACIDS FROM ERYTHROCYTE INCUBATES 
u 

2 
° 
° | | c 
a a \ 

0,20 - = x2 4- 
) 20 40 60 80 100 120 140 160 180 
FRACTION NUMBER 
Fic. 1. Titration and C™ activity curves of cycle acids from erythrocyte incu- 
bates. 
It may be noted in Tables III and IV that the concentrations of the 
dicarboxylic acids are proportionally much higher than those of the tri- 


carboxylic acids in incubated nucleated erythrocytes. The difference could 
| be explained on the premise that a mechanism other than the citric acid 
| cycle may also be operating in these cells, possibly a dicarboxylic acid 
cycle or the “glyoxylate cycle” recently described in certain microorgan- 
isms (21). The concept of the existence of such a mechanism alone or 
along with a tricarboxylic acid cycle, at least in certain species, is not new. 
his is true, for example, of Pseudomonas KB1 (21), Escherichia coli and 
acetate-grown Aerobacter aerogenes (22, 23), and Rhizopus nigricans (24). 
Accordingly, succinate could arise, in addition to the citric acid cycle 
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reactions, from a ‘‘tail to tail’? condensation of two acetate molecules, 
7.e. a condensation at the methyl carbon, or from the ‘“‘glyoxylate cycle.” 
This possibility would then account for the comparatively high level of 
succinate found in the present work. Because malic and fumaric acids 
are in equilibrium with succinic acid, this suggestion would also furnish 
an explanation for the increased quantities of these acids above expecta- 
tions from the activity of the cycle. 

More significant results in this direction are the findings obtained from 
isotopic studies with acetate-1-C™. It is evident that succinate, among 
the dicarboxylic acids, has the highest specific activity. This also can be 
accounted for if the suggested ‘‘tail to tail’? condensation mechanism for 
acetate or a similar one (21) is operative. Moreover, the specific activities 
of citrate, malate, and isocitrate are higher than the citric acid cycle would 
provide. This means that the oxidation of acetate cannot be confined 
to the condensation of oxalacetate and acetyl coenzyme A to form citrate. 
A similar conclusion was reached by Weinhouse and Millington (25), 
who observed that the isotope content of the carboxyl groups formed by 
yeast incubated with acetate-1-C™ was higher than expected if all of the 
citrate were formed by way of the Krebs cycle. Clearly, much remains 
to be done before this question is fully answered. One way of attacking 
the problem, of course, would be to isolate the isotopic succinate synthe- 
sized in erythrocytes and degrade it. The amount and site of labeling 
in the molecule would undoubtedly be decisive in this respect. 

The high level of oxalacetate in experiments with fluoroacetate above 
expectation is merely due to contamination with greater amounts of 
acetoacetic acid, which was identified by paper chromatography. ‘This 
is in harmony with the view that fluoroacetate not only gives rise to ac- 
cumulation of citrate but also diverts acetate or pyruvate or both into 
channels other than the citric acid cycle with the formation of acetoacetate 
and probably of fatty acids (26-28). 

Cycle in Non-Nucleated Erythrocytes—The isotopic technique was further 
extended to the study of the cycle in non-nucleated red cells. Beef or dog 
blood was used in this experiment. The erythrocytes were separated as 
usual and suspended in Krebs-Ringer phosphate. The substrate was 
identical to that used with nucleated cells, and the conditions under which 
the experiment was carried were also the same. The amounts of the acids 
eluted are recorded in Table V. The data show clearly the fact that the 
tricarboxylic acid cycle is almost entirely inactive in the non-nucleated 
erythrocyte as compared with the nucleated red cell. This is in agree- 
ment with the opinion of the earlier workers (29-31) that the cycle is 
incomplete in mammalian erythrocytes and is in accord with the findings 
of Rubinstein and Denstedt (4) that the mature non-nucleated red cell 
cannot utilize pyruvate. The present findings likewise indicate that the 
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citric acid cycle may indeed serve as a source of succinate for the forma- 
tion of porphyrins in nucleated erythrocytes by way of the succinate- 
glycine cycle (6). 

TaBLe V 


Amounts and Specific Activities of Cycle Acids Biosynthesized from 
Acetate-1-C'* by Non-Nucleated Erythrocytes 


| Non-nucleated bovine erythrocytes 
Acid 


Control | Cells incubated with substrate* 
mmole perl. X mmole perl. | 
Aconitie (cis plus trams)........... Tt t 
0.5T 1.4 0.5 
ss | 2.0 | 2.57 4.0 


* NaAc-3H.0, 4.0 mg.; NaAc-1-C" (4.11 me. per mmole), 0.45 mg.; L-malie acid, 
0.05 mg. 
t+ Amounts too small to be determined accurately. 


SUMMARY 


A modified column chromatographic technique which employs hydrated 
silicic acid and is adaptable for the complete separation of the citric acid 
cycle components and of certain other related acids from extracts of eryth- 
rocytes has been described. The efficiency and validity of the method 
were established by recovery studies of the acids from pure solutions as 
well as from mixtures of the acids added to erythrocyte suspensions. In 
conjunction, paper chromatography was employed as a confirmatory means 
for the characterization of each acid eluted from the column. 

Effective procedures for obtaining red cells free from leukocytes, for 
incubation with various substrates, and for extraction of the organic acids 
from these preparations were presented. 

The levels of the citric acid cycle members were shown to be very low in 
both nucleated and non-nucleated washed erythrocytes, although they 
were much lower in the non-nucleated washed erythrocytes. 

The amounts of the acids of the cycle were increased substantially in 
nucleated chicken red cells incubated with certain substrates. On the 
other hand, mammalian non-nucleated erythrocytes did not utilize these 
substrates. 
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C'* from acetate-1-C™ was incorporated by nucleated erythrocytes into 
all of the acids of the cycle, although to varying degrees. Fluoroacetate 
increased the quantity of citrate and acetoacetate from acetate and it 
lowered the levels of aconitate, isocitrate, and a-ketoglutarate to a con- 
siderable extent. 

Negligible amounts of acetate-1-C'4 were incorporated into the cycle 
acids by non-nucleated red cells. 

In view of the foregoing results, it is concluded that the citric acid cycle 
is active in nucleated chicken erythrocytes and is essentially inactive in 
non-nucleated bovine or canine red cells. 


BIBLIOGRAPHY 


. Warburg, O., Z. physiol. Chem., 69, 112 (1909). 
Michaelis, L., and Salomon, K., J. Gen. Physiol., 18, 683 (1930). 
Ashwell, C., and Dische, Z., Biochim. et biophys. acta, 4, 276 (1950). 
Rubinstein, D., and Denstedt, O. F., J. Biol. Chem., 204, 623 (1953). 
Hunter, F. B., J. Cell. and Comp. Physiol., in press. 
Shemin, D., Russell, C. S., and Abramsky, T., J. Biol. Chem., 215, 613 (1955). 
. Barron, E. 8S. G., and Harrop, G. A., Jr., J. Biol. Chem., 84, 89 (1929). 
Beck, W., and Valentine, W. H., Cancer Res., 18, 309 (1953). 
. Martin, S. P., McKinney, G. R., and Green, R., Ann. New York Acad. Sc., 59, 
996 (1955). 
10. Vallee, B. L., Hughes, W. L., Jr., and Gibson, J. G., Blood, 1, 82 (1947). 
11. Umbreit, W. W., Burris, R. H., and Stauffer, J. F., Manometric techniques and 
tissue metabolism, Minneapolis, 119 (1951). 
12. Marvel, C.S., and Rands, R. D., Jr., J. Am. Chem. Soc., 72, 2642 (1950). 
13. Bulen, W. A., Varner, J. E., and Burell, R. C., Anal. Chem., 24, 187 (1952). 
14. Donaldson, K. O., Tulane, V. J., and Marshall, L. M., Anal. Chem., 24, 185 (1952). 
15. Kinnory, D.S., Takeda, Y., and Greenberg, D. M., J. Biol. Chem., 212, 379 (1955). 
16. Krebs, H. A., and Eggleston, L. V., Biochem. J., 38, 426 (1944). 
17. Lees, H., and Kuyper, A. C., J. Biol. Chem., 225, 641 (1957). 
18. Ladd, J. N., and Nossal, P. M., Australian J. Exp. Biol. and Med. Sc., 32, 523 
(1954). 
19. Krebs, H. A., in Greenberg, D. M., Chemical pathways of metabolism, New York, 
1, 109 (1954). 
. Kalnitsky, G., and Barron, E. 8. G., Arch. Biochem., 19, 75 (1948). 
. Kornberg, H. L., and Krebs, H. A., Nature, 179, 988 (1957). 
Ajl, S. J., Bact. Rev., 16, 211 (1951). 
Ajl, S. J., and Kamen, M. D., J. Biol. Chem., 189, 845 (1951). 
Foster, J. W., Carson, S. F., Anthony, D. 8., Davis, J. B., Jefferson, W. E., and 
Long, M. V., Proc. Nat. Acad. Sc., 35, 663 (1949). 
Weinhouse, S., and Millington, R. H., J. Am. Chem. Soc., 69, 3089 (1947). 
. Stetten, D. W., Jr., and Boxer, C. E., J. Biol. Chem., 155, 231 (1944). 
. Crandall, D. I., Gurin, S., and Wilson, D. W., Federation Proc., 6, 246 (1947). 
. Elliot, W. B., and Kalnitsky, G., J. Biol. Chem., 186, 487 (1950). 
. Quastel, J. H., and Wheatley, A. H. M., Biochem. J., 25, 117 (1931). 
. Quastel, J. H., and Whealtey, A. H. M., Biochem. J., 32, 936 (1938). 
. Nossal, P. M., Australian J. Exp. Biol. and Med. Sc., 26, 123 (1948). 


CONS 


TE 


 —_ 


a 
bit 

ti 

be 
of 

fr 
of 
sO 
te 

a 

O 
Pp 
h 
t 
\ 
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Dalgliesh (1) has emphasized that the time required for the assembly of 
a single protein molecule is important in establishing the mechanism of 
biosynthesis of protein. However, no precise data are available, and es- 
timates for the time of synthesis of mammalian proteins have ranged from 
1 second (2) to 100 minutes (3). Estimates based on in vitro studies have 
been indirect and inconsistent. Several in vivo studies on the synthesis 
of secreted protein have yielded estimated times of synthesis which range 
from 20 minutes (4) to 3 hours (5), but these must be regarded as the sum 
of the secretory and synthetic processes. It has long been known that 
some labeled amino acid is incorporated rapidly into the precipitable pro- 
teins of liver (6) and bacteria (7), but there has been no evidence that this 
early incorporation represents completed proteins rather than polypeptide 
intermediates. 

It is obviously desirable to study the time required for the synthesis of 
a single well characterized protein under conditions whereby the net rate 
of synthesis of the protein is known and there has been minimal physio- 
logical disturbance. If isotopic amino acids are being used, it must be 
possible to estimate their specific activity at the site of synthesis. We 
have studied the synthesis in vivo of rat liver ferritin under such conditions. 


EXPERIMENTAL 


Rats of the Harvard Wistar colony, weighing between 140 and 350 gm., 
were used throughout, and were fed Purina laboratory chow stated to con- 
tain 0.87 per cent phosphorus and 0.0327 per cent iron. On this diet there 
was no significant accumulation of liver ferritin. Ferritin synthesis was 
induced by the intravenous injection of saccharated iron oxide (Feojectin, 
generously supplied by the Smith, Kline and French Laboratories). L- 


* Supported by grant No. C-2387 of the United States Public Health Service and 
by grants-in-aid from the United States Atomic Energy Commission. The C" used 
in this project was obtained on allocation from the United States Atomic Energy 
Commission. This material was presented in part at the April, 1957, meeting of the 
Society of Biological Chemists. 

This is publication No. 918 of the Cancer Commission of Harvard University. 
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Valine-C™ and t-leucine-C™ were prepared as previously described (8) 
from BaC"“O; (obtained from the United States Atomic Energy Commis- 
sion). Iron was determined by the method of Lorber (9) after the sample 
had been digested with hot sulfuric acid and hydrogen peroxide. 

All injections of labeled leucine or valine were intravenous. In order 
to determine the specific activity of the intracellular amino acid in the 
liver at various time intervals after the injections, lobes of the liver were 
tied off with surgical thread, excised, and homogenized in | per cent picric 
acid at 0° in a micro-Waring blendor. The entire operation took less than 
30 seconds. The homogenate was centrifuged as described by Tallan, 
Moore, and Stein (10), the picric acid was removed on Dowex 1-chloride, 
and the valine or leucine was isolated by chromatography on Dowex 50 
in hydrochloric acid (11). Each fraction of the eluate was evaporated 
to dryness on a glass cover slip and the radioactivity determined in a 
Nuclear-Chicago model D-47 Micromil end window counter. Each cover 
slip was then dropped into a colorimeter tube, heated for 1 hour with 0.1 
per cent sodium carbonate to remove ammonia, and then treated with 
ninhydrin reagent (12). Thus the total radioactivity and the total amino 
acid content were determined for each fraction. Specific activities (in 
counts per minute per micromole) estimated in this manner for the five to 
eight fractions which made up the bulk of the leucine or valine peak 
agreed within 10 per cent of each other. 

In order to isolate ferritin, the liver tissue was homogenized in 30 vol- 
umes of a cold solution which contained 0.9 per cent sodium chloride and 
1 per cent leucine-C” or valine-C”. After 30 seconds, an aliquot was re- 
moved for precipitation with trichloroacetic acid. The rest of the homog- 
enate was heated to 70° for 5 minutes and then cooled at least 1 hour in 
ice. The insoluble material was removed by centrifugation and discarded. 
If less than 1 mg. of ferritin was anticipated, the entire supernatant solu- 
tion was then dialyzed against 0.9 per cent sodium chloride solution, cen- 
trifuged again, and treated with an excess of rabbit antiserum specific for 
rat ferritin. After 1 hour at 0°, the precipitate was collected by centrif- 
ugation, washed three times with cold saline solution, and washed once 
with water. The precipitate was then transferred with a drop of water 
to a glass cover slip, care being taken to spread the solid evenly over the 
surface of the cover slip. The radioactivity was determined and the cover 
slip with the precipitate was then heated with sulfuric acid and hydrogen 
peroxide in order to determine iron. The radioactivity of the ferritin- 
antibody precipitate was expressed in counts per minute per mg. of iron. 
All determinations were carried out in duplicate. Self-absorption was 
found to be insignificant for samples containing less than 50 y of iron. 

On a preparative scale, or when an entire liver was available for the iso- 
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lation of ferritin, only an aliquot of the heated extract was treated with 
antiserum. To the bulk of the extract was added 25 per cent (w/v) of 
ammonium sulfate, and the precipitate was collected and suspended in 
water. Ethanol (1.2 volumes) was added and the precipitate was cen- 
trifuged. The ferritin was extracted from the sediment with water and 
salted out with 25 per cent ammonium sulfate. The sediment was packed 
hard by centrifugation at 7000 X g and all of the supernatant solution 
was removed. The ferritin was then dissolved in the smallest possible 
volume of water and 20 per cent cadmium sulfate solution was added in 
small portions as described by Fineberg and Greenberg (13) until the ferri- 
tin crystallized. Usually about half of the ferritin remained non-crys- 
talline. The crystalline and non-crystalline ferritin isolated from the same 
liver homogenate had the same iron content, the same specific radioac- 
tivities, and reacted equally well with antiferritin antibody. 

The picric acid precipitate and the trichloroacetic acid precipitates were 
washed with cold trichloroacetic acid, hot trichloroacetic acid, 95 per cent 
ethanol, absolute ethanol, ether-chloroform-ethanol, and acetone, as de- 
scribed elsewhere (14). The ‘‘total precipitable protein” thus obtained was 
weighed and its specific radioactivity determined. Certain samples of this 
protein preparation as well as ferritin were hydrolyzed for 16 hours with 
6 x hydrochloric acid at 115°. The hydrolysate was chromatographed in 
order to determine the specific activity of the amino acids. 

Antiferritin antiserum was prepared in rabbits by the Freund adjuvant 
technique (15) with the use of crystalline rat ferritin. Serum obtained | 
month after intradermal injection of 2 mg. of antigen was capable of pre- 
cipitating 500 y of ferritin per ml. Before use, this serum was treated with 
an extract of rat liver containing no ferritin in order to neutralize non- 
specific antibodies. 


Calculations and Results 


Whenever the rate of incorporation of an amino acid is being used to 
measure the rate of synthesis of a protein, several assumptions are made 
which should be tested experimentally. These are as follows: that only 
the administered amino acid is significantly labeled or incorporated into 
the protein, that the specific activity of the intracellular amino acid is 
known, and that this specific activity remains constant during the period 
of observation. ‘To this end we have developed methods to measure the 
radioactivity of free intracellular amino acid and the radioactivities of the 
amino acid incorporated into total protein or ferritin. The units in every 
case are counts per minute per micromole of valine or leucine. 

In separate experiments L-leucine-C"™ and L-valine-C" were injected into 
rats that were synthesizing ferritin. After 10 minutes, the rats were killed 


J 
J 


928 TIME REQUIRED FOR FERRITIN SYNTHESIS 


and the total precipitable liver proteins and liver ferritin were isolated, a 
hydrolyzed, and chromatographed. In each case, 85 to 90 per cent of the 
precipitable protein or ferritin radioactivity was recovered in the appro- F 


priate amino acid peak and no radioactivity was found associated with 
other amino acids in the hydrolysate. Leucine-labeled precipitable protein = 
contained 1020 c.p.m. per mg. and the chromatographically pure L-leucine 
from the hydrolysate had 1400 c.p.m. per umole of leucine. This yields 
the factor 1.37 to convert counts per minute per mg. of protein to counts 
per minute per micromole of leucine. Valine-labeled precipitable protein | 2} 
(1050 c.p.m. per mg.) yielded pure valine (1590 c.p.m. per umole) and the 
conversion factor 1.51. The leucine-labeled ferritin had 1520 c.p.m. per 
mg. of ferritin, 6600 c.p.m. per mg. of Fe, and 1620 c.p.m. per umole of 
leucine. The valine-labeled ferritin had 955 c.p.m. per mg. of ferritin, YZ 
4150 c.p.m. per mg. of Fe, and 1750 c.p.m. per umole of valine. For those 
experiments in which ferritin was isolated from several successive samples 
of liver, it was necessary to use the immunochemical method. The com- 
bining ratio of antibody to ferritin varies with the reaction conditions; 
hence the radioactivity per mg. of antibody-antigen complex is not a certain 
measure of the radioactivity of the ferritin. However, the antibody con- 
tains no iron and hence radioactivity measured in counts per minute per 
mg. of Fe of the precipitated antibody-ferritin should be constant regard- 
less of the antibody-antigen combining ratio. This has been found to be | 
true for the entire range of precipitates in which the weight ratio of anti- 
body to ferritin varied from 9:1 to 2.7:1. From the above data, we ob- 
tain the factors 0.245 and 0.421 for converting counts per minute per mg. 
of ferritin Fe to counts per minute per micromole of ferritin-leucine or 
ferritin-valine, respectively. 

We have previously noted that an injected labeled amino acid is exten- 
sively diluted by the corresponding unlabeled amino acid found endoge- 
nously in tissues such as liver (11). Hence it is necessary to determine 
directly the intracellular specific activity at the site of synthesis or to 
develop a reliable means of estimating this quantity. 

Fig. 1 shows how the specific activity of intracellular leucine changes 
with time during intermittent administration of L-leucine-C'*. The specific 
activity of the intracellular leucine promptly attained a value which ap- 
proximated 30 per cent of that of the injected leucine and maintained this 
for the duration of the experiment. The triangles in Fig. 1 indicate the | 
extent of incorporation of leucine into protein which we define as the frac- : 
tion of the leucine in the trichloroacetic acid-precipitable protein which is | 
derived from the free leucine pool of the liver. In this context, “incor- | 
poration’? may include exchange or de novo synthesis. Incorporation 
appears to be substantially linear at the rate of 3.3 per cent per hour for 
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at least 40 minutes. (The subsequent decline in rate of incorporation 
may be due to a combination of physiological trauma and secretion of 
labeled proteins such as albumin from the liver.) 
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Fic. 1. Specific activity of liver intracellular free leucine relative to that of inter- 
mittently injected leucine and incorporation of intracellular free leucine into pro- 
tein. Female rats averaging 150 gm. in weight were given 25 umoles of L-leucine per 
100 gm. (66 X 104 c.p.m. per wmole) every 10 minutes by catheterized femoral vein 
without anesthesia. Individual animals were killed at the times shown and their 
livers processed for the radioassay of free amino acid, protein, and ferritin (see Fig. 
5). ©, and the scale at the left, specific activity of free intracellular leucine relative 
to that of the injected leucine; A, and the scale at the right, specific activity of leu- 
cine in total liver protein relative to the specific activity of the intracellular leucine 
(19,700 c.p.m. per umole; initial slope 3.3 per cent per hour). 

Fig. 2. The specific activity of intracellular liver leucine-C" relative to that of an 
intravenously injected large dose of L-leucine-C"™ and the extent of incorporation of 
the intracellular free leucine into total protein. Male rats weighing about 80 gm. 
were injected with 75 uwmoles of L-leucine-C"™ per 100 gm. (100,000 c.p.m. per umole) 
under light ether anesthesia. O, and the scale at the left, specific activity of intra- 
cellular liver leucine relative to injected leucine; A, and the scale at the right, spe- 
cific activity of leucine incorporated into protein relative to intracellular leucine 
(42,000 c.p.m. per umole). Open symbols represent single determinations on each 
of a group of animals. Solid symbols represent successive determinations on a single 
animal. The solid line corresponds to 3.3 per cent incorporation per hour, the rate 
of incorporation observed for longer periods in Fig. 1. 


Fig. 2 shows the changes in intracellular leucine specific activity during 
the first 10 minutes after a large injection of labeled leucine. After the 
first few minutes, the specific activity drops very slowly. If the incor- 
poration into protein is determined from the average specific activity of 
leucine (about 42,000 c.p.m. per umole), we obtain the points indicated by 
the triangles on Fig. 2. These points fall close to the line which represents 
3.3 per cent incorporation per hour. Thus the rate of incorporation into 
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total precipitable protein from zero time to 40 minutes is nearly constant 
and is approximately 3.3 per cent per hour. 

In order to work quickly in these experiments, no effort was made to 
remove blood from the excised liver. At the earliest time intervals, the 
extracellular fluid of the liver contained a considerable amount of the in- 
jected leucine of high specific activity. For instance, we observed that 
the total free leucine content of the liver of the rat killed at 20 seconds 
was 7.5 umoles, twice as much as in animals killed 5 minutes after injec- 
tion, or without injection of leucine-C'*. After 20 seconds, the blood con- 
tained about 50 times as much leucine-C" as after 5 minutes. Hence we 
regard the high initial values for the specific activity of “intracellular” 
leucine as an experimental artifact owing to the high concentration of leu- 
cine of high specific activity in the extracellular fluid. We believe that 
the specific activity of free intracellular leucine rises almost instantly to a 
value near 40 or 45 per cent and then drops slowly. This view is sup- 
ported by the nearly linear incorporation curve. 

In order to achieve the highest specific activities of intracellular amino 
acids with some regard for economy, it was necessary to use relatively 
small doses of amino acids of high specific activity. It was found, as shown 
in Fig. 3, that the dilution of the injected labeled leucine varied consider- 
ably from one animal to another. However, if successive determinations 
were made on a single liver, the specific activity was observed to drop 
smoothly during 15 minutes. As in the previous instance, we are inclined 
to discount the values up to 3 minutes because of the contribution of extra- 
cellular leucine. 

If the specific activity of leucine at 5 minutes is accepted as the value 
for the specific activity of intracellular leucine, we may calculate incor- 
poration into protein as shown by the solid symbols in Fig. 3. Even at 
the earliest times the incorporation values fall on or close to the line that 
represents 3.3 per cent incorporation per hour despite the wide variation 
in intracellular leucine specific activity. Substantially similar results have 
been obtained with L-valine. In every instance in which both intracellular 
free amino acid specific activity and protein specific activity have been 
measured, we have found that the rate of incorporation is 3.3 per cent per 
hour or | part in 1800 per minute with an average deviation of less than 
10 per cent. Conversely, the specific activity of the intracellular free 
amino acid is 1800 times the increase per minute of the specific activity 
of protein leucine (or valine). In those instances in which it was imprac- 
tical to determine intracellular free amino acid specific activities directly, 
an estimate was made from the rate of incorporation into total precipitable 
protein. 

The rats used in these experiments were raised under conditions which 
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fortuitously provided adequate iron for growth and good health but too 
little iron to accumulate as ferritin. Before stimulation with saccharated 
iron oxide, no animal examined had as much as 450 y of liver ferritin and 
the average was only 120 y. After the intravenous injection of saccharated 
iron oxide (7 mg. of Fe), the liver accumulated one-third of the iron in 5 
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Fig. 3. Specific activity of free intracellular leucine relative to that of an intra- 
venously injected tracer dose of leucine-C', and the extent of incorporation of leu- 
cine into protein. Open symbols and the scale at the left represent the specific ac- 
tivity of the free leucine of the liver divided by the specific activity of the injected 
leucine. Solid symbols and the scale at the right represent the specifie activity of 
leucine incorporated into protein divided by the specific activity of the free intra- 
cellular leucine at 5 minutes. A, Rat 1, female, 247 gm., 9 umoles of L-leucine-C™ 
(1.4 X 10° ¢.p.m. per umole) injected with 8 mg. of Feojectin 16 hours earlier; intra- 
cellular leucine estimated to be 1.8 K 10° c¢.p.m. per umole; O, Rat 2, male, 308 gm., 
10 uzmoles of u-leucine-C™ (1.1 XK 107 ¢.p.m. per umole) injected with 10 mg. of Feo- 
jectin 45 hours before, intracellular leucine estimated to be 1.2 XK 10° e.p.m. per 
umole; \/, Rat 3, treated the same as Rat 2, 315 gm., intracellular leucine estimated 
to be 5.5 X 105 ¢.p.m. per umole; 0, Rat 4, treated the same as Rat 2 except for no 
injection of Feojectin, 315 gm., intracellular leucine estimated to be 4.4 X 105 e¢.p.m. 
perumole. The solid line corresponds to a 3.3 per cent incorporation of leucine into 
protein per hour taken from Fig. 1. 


minutes and about three-quarters of the iron within an hour. This iron 
was retained at least 6 days. As shown in Fig. 4, after a delay of no more 
than 2 hours the total ferritin content of the liver increases at a constant 
rate of about 250 y per hour for 24 hours and somewhat more slowly for 
3 days. Eight of these animals were injected with leucine-C™ 30 minutes 
before sacrifice and the total amount of leucine-C" incorporated into 
ferritin was determined. From the estimated average specific activity of 
intracellular leucine, it is possible to calculate directly the amount of fer- 
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ritin synthesized from free leucine during the 30 minute period as shown 
by the lower curve in lig. 4. Evidently during the first 24 hours after 
stimulation, the extent of synthesis as measured by total incorporation 
and the net increase are quite comparable. Later on, when the rate of 
accumulation of ferritin is lower, the total incorporation remains un- 
changed. It appears that, although synthesis continues at the same rate, 
other processes such as secretion or degradation limit net accumulation. 

Figs. 5 and 6 show the incorporation of injected labeled leucine or valine 


03 


02 


8.0 e 
0) 
OSr 
OF x 
10 20 30 40 50 i> 96 a4 Waite 
HOURS 


Fig. 4. Accumulation of liver ferritin in rats and the rate of ferritin synthesis after 
intravenous injection of saccharated iron oxide. Twenty-seven male rats weighing 
approximately 150 gm. were each injected with 7.0 mg. of saccharated iron oxide. 
Total liver ferritin (mg.), @, upper scale. The average amount of liver ferritin in 
untreated rats was 0.12 mg. Ten of the animals had been injected with 25 umoles of 
leucine-C 30 minutes before being killed. The incorporation into protein permitted 
an estimate of the average intracellular specific activity in each case (see the text). 
From this and the incorporation into ferritin, it was possible to estimate the total 
ferritin (mg.) synthesized in each animal in 30 minutes; X, lower scale. 


into ferritin. The observed counts per minute per mg. of iron have been 
multiplied by the appropriate factor to give counts per minute per micro- 
mole of leucine (or valine). This figure has been divided by the specific 
activity of the intracellular amino acid determined directly (Fig. 5), or 
indirectly from the specific activity of precipitable liver protein as described 
above (Fig. 6). Straight lines in each figure have been drawn with a slope 
corresponding to the percentage increase in total ferritin per hour as esti- 
mated from Fig. 4. In Fig. 5, one rat was killed to obtain each point, so 
that there should have been minimal operative trauma interfering with 
the experiment. Since an entire liver was available for analysis, it was 


possible not only to determine the specific activity of the intracellular leu- 
cine and of the total protein (Fig. 1) but also to isolate the liver ferritin 


Ol 


b 
t 
n 
| 


03 


R. B. LOFTFIELD AND E. A. EIGNER 933 
by both the chemical and immunochemical methods which gave the same 
values. Within the experimental error, it is apparent that the slope of 
the per cent incorporation curve approximates the slope of the per cent 
net increase curve 24 hours after iron injection. Because the rate of ac- 
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Fic. 5. Incorporation of leucine-C™ into ferritin relative to specific activity of free 
intracellular leucine (estimated from Fig. 1 to be 1.97 K 10‘ c¢.p.m. per umole). Fe- 
male rats weighing 150 gm. injected with 15 mg. of saccharated iron oxide 44 hours 
earlier (©) or 24 hours earlier (X) and treated as described under Fig. 1. The solid 
line corresponds to the rate of ferritin accumulation at 24 hours (4.4 per cent per 
hour). The dashed line shows that the rate of incorporation is nearly constant for 
80 minutes at 2.1 per cent per hour, a value between the rate of ferritin accumulation 
(1.0 per cent per hour) and the rate of ferritin synthesis (2.5 per cent per hour) as esti- 
mated from Fig. 4. 

Fig. 6. Incorporation of valine-C"™ into total precipitable protein and ferritin. 
Each rat injected with 10 wmoles of L-valine-C™ (1.2 X 10% ¢.p.m. per umole) 15 hours 
after injection of 14 mg. of saccharated iron oxide. Intracellular valine specific ac- 
tivity estimated from average incorporation into protein which was assumed to be 
3.3 per cent per hour (dashed line). Square symbols are incorporation into protein, 
circles are incorporation into ferritin. The dotted line corresponds to the estimated 
rate of net accumulation of ferritin 15 hours after injection of saccharated iron oxide, 
7.7 per cent per hour (from Fig. 4). Rat 1, male, 324 gm., intracellular valine spe- 
cific activity estimated to be 3.95 X 105 ¢.p.m. per umole; Rat 2, male, 284 gm., in- 
tracellular valine 2.9 X 10° ¢.p.m. per umole; Rat 3, male, 274 gm., intracellular va- 
line 3.8 X 105 ¢.p.m. per umole. 
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cumulation has fallen at 44 hours, it is only noteworthy that incorporation 
at that time is linear from zero time to 80 minutes. That is to say, ferritin 
released in these experiments between 10 and 80 minutes after injection 
of radioleucine appears to have been entirely synthesized from free amino 
acids. From these data one may conclude that the time required for syn- 
thesis is less than 10 minutes. 

It was therefore important to measure the incorporation of labeled 
amino acid during intervals from 0.25 minute to 10 minutes after injection 
of the labeled amino acid. Much higher specific activities of the free intra- 
cellular valine or leucine were required to obtain practical amounts of 
radioactivity in the total protein or ferritin isolated after the shortest time 
intervals. In Fig. 6, the dashed line representing an incorporation rate 
of 3.3 per cent per hour into protein provides the base for estimating the 
specific activity of intracellular free valine. Within 20 seconds after in- 
jection of the labeled amino acid, the rate of incorporation into total pre- 
cipitable protein had become substantially constant. On the other hand, 
incorporation into ferritin is very low during the Ist few minutes and only 
after more than 4 minutes does the curve for percentage incorporation into 
ferritin achieve the slope of the curve for percentage net increase of ferritin. 

We have observed upon occasion that accidental interruption of the 
circulation to a liver lobe prevented almost immediately any further in- 
corporation into the precipitable protein of that lobe. In such instances 
it appeared that the incorporation of labeled amino acid into ferritin was 
not stopped as quickly. Therefore, in three experiments leucine-C™ was 
injected and the entire liver was then excised at various times, as indicated 
by the arrow in Fig. 7. The liver was dropped into isotonic saline solution 
at 37° and lobes were removed at intervals. We have not converted the 
observed radioactivities to per cent incorporation because too few obser- 
vations were available to estimate accurately the specific activity of intra- 
cellular free leucine. Just as incorporation into total protein begins almost 
instantly after the injection of labeled leucine, it appears that the incor- 
poration stops in less than a minute after circulation to the liver is in- 
terrupted, as might have been expected from our failure to obtain incor- 
poration in surviving tissue slices in the absence of oxygen (16). The 
incorporation of leucine into ferritin, on the other hand, begins slowly 
and continues after the excision of the liver at almost the same rate as 
in vivo for about 2 minutes and does not stop for several minutes more. 
In the experiment shown, for instance, the radioactivity in ferritin increased 
8-fold while the radioactivity in total protein increased by only one-fourth. 


DISCUSSION 


Craddock and Dalgliesh (17) have emphasized the desirability of study- 
ing the kinetics of protein synthesis under conditions whereby net syn- 
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thesis as well as incorporation can be demonstrated. In addition, it is 
certainly desirable to work under conditions which most nearly approach 
the unperturbed normal state of the animal. 

We believe that we have approached these goals in the present study. 
From the rate of ferritin production as established in Fig. 4, it appears 
that there is a net synthesis of 2.4 to 8.3 per cent per hour under our ex- 
perimental conditions. We have previously shown that net synthesis of 
ferritin is exactly measured by incorporation of labeled amino acids for 
periods of from 6 hours to 3 days (11). Although it would be impractical 
to demonstrate net synthesis for the short time intervals which proved 
to be most important in this study, the consistent close agreement be- 
tween the maximal slope of the incorporation curve and the known rate 
of ferritin accumulation gives us confidence that under these conditions 
incorporation is substantially synthesis de novo. 

Under some conditions the introduction of iron into ferritin appears to 
be slower than the synthesis of the peptide chain (18). However, not 
only is there no detectable “light” ferritin produced under our conditions 
(19), but all available evidence indicates that such light ferritin would be- 
have chemically and immunochemically exactly as ferritin (20). Since 
our techniques measure the incorporation of labeled amino acids into all 
that material in the total liver extract which possesses the chemical and 
immunochemical properties of ferritin, the point at which iron is intro- 
duced is probably not important. 

In the experiments typified by Figs. 2, 3, 6, and 7, trauma due to anesthe- 
sia and surgery must be considered. However, the close correspondence of 
these curves with those obtained in Figs. 1 and 5, where the leucine was 
given without anesthesia through a catheter put in place earlier, assures 
us that there has been no serious disturbance of the synthesis of either 
total protein or ferritin. The rate of incorporation of labeled amino acid 
into total protein is substantially constant in each animal, and is the same 
as in animals not suffering operative trauma. Furthermore, the maximal 
slope of the curve for per cent incorporation into ferritin (Fig. 6) is very 
nearly equal to the slope of the per cent net increase of ferritin as esti- 
mated from Fig. 4. 

Fig. 6 shows that peptide-bound labeled leucine and valine are found 
in ferritin as early as 20 seconds after the injection of the labeled amino 
acid. The rate of labeling gradually increases until it reached the antic- 
ipated rate not less than 4 or 5 minutes after the injection. Only after 
this period has elapsed is every amino acid in a new ferritin molecule de- 
rived from the free amino acid pool that becomes labeled at zero time. 
This is an approximation to the time required for the over-all synthesis 
of a single ferritin molecule, a synthesis that may involve peptide bonding, 
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cross linking, and folding, but which does not necessarily involve satu- 
ration with iron. 

In so far as the synthesis of ferritin is similar to the synthesis of other 
“completed” proteins, we should be concerned with the distinction be- 
tween “completed” proteins and the “total trichloroacetic acid-precipitable 


protein.” Fig. 6 shows no lag in incorporation into the total precipitable 
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Fig. 7. A typical experiment showing the effect of excision on the incorporation of 
leucine into total liver protein and ferritin. A female rat weighing 250 gm. was in- 
jected with 8 mg. of saccharated iron oxide. 16 hours later, 9 wmoles of L-leucine-C" 
(3 X 10% c.p.m. per wmole) were injected. The liver was excised at the time indi- 
cated by the arrow and then dropped into 0.9 per cent sodium chloride solution at 
37°. Samples were removed at the indicated intervals and the number of counts per 
minute per micromole of leucine in total precipitable protein (©) and in ferritin (X) 
was determined. 

Fia. 8. A logarithmic plot of the dependence of incorporation into ferritin on the 
square of time. The experimental points are taken from Fig. 6. 7’ is 780 minutes, 
the estimated time during which ferritin has been accumulating. The intercept of 
the ordinate is the negative logarithm of ¢t,, the time of synthesis of a molecule of 
ferritin in the expression log 2Ty = log @ — log ¢,. 


protein but a marked lag in incorporation into completed protein. Fig. 
7 suggests that incorporation into the total precipitable protein is energy- 
dependent while incorporation into completed protein is not so directly 
related to energy production although it does depend on cell integrity. 
These observations are consistent with the view that amino acids are trans- 
ported quickly into the liver cells and there activated in the presence of 
adenosine triphosphate to join a small pool of activated amino acid whose 
specific activity quickly becomes the same as that of the free intracellular 
amino acid. The presence of such activated amino acids in protein-syn- 
thesizing systems has been established with kinetic and biochemical means 
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by Hultin (21, 22) and by actual isolation by Hoagland et al. (23). These 
activated amino acids may be immediately absorbed in vivo to sites in which 
they spontaneously assemble to yield polypeptide material which is pre- 
cipitable even when the polymer is still small. Thus linear incorporation 
into precipitable protein would begin promptly after the injection and 
would stop as soon as the supply of energy was exhausted. However, 
before a protein is completed there must be an assembly of some hundreds 
of activated amino acids in correct sequence and, perhaps, separation 
from the template, coiling, secondary bonding, or aggregation of subunits. 


n VALINE SITES 
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Fig. 9. Scheme for the labeling of protein molecules formed by the stepwise as- 
sembly of activated amino acids. Each horizontal line represents one ferritin tem- 
plate with valine sites occupied by valine-C (—), by valine-C"™ (+*), or unoccupied 
(---). An array is shown such that one ferritin chain is to be found in each stage 
of assembly. In each time interval, Af, 1 valine residue is added to each growing 
chain and 1 ferritin molecule (indicated by the box) is completed. The increment 
in radioactivity in ferritin in any interval, At, is seen to be proportional to the num- 
ber of such intervals and hence proportional to the time since the labeled amino acid 
was first introduced. See the ‘‘Appendix’’ for other symbols. 


Our data suggest that, although the ordered assembly of activated amino 
acids and the secondary processes require little or no additional energy, 
they do require cell organization as well as considerable time. This dis- 
tinction between total precipitable protein and completed protein requires 
the exercise of caution in the interpretation of experiments in which “‘pro- 
tein’ is synthesized in cell-free systems in which there is usually no evi- 
dence that completed protein is synthesized de novo. 

It is possible to suggest various formal schemes for the assembly of 
activated amino acids and to formulate for each scheme an equation that 
predicts the rate at which labeled amino acids will appear in completed 
protein. One such scheme, the stepwise addition of amino acids on a 
template, is illustrated in Fig. 9 (1, 24-26). If ferritin is synthesized ac- 


u- 
er 
le 
n 
f 
14 
i- | 
Pr 
) 
y 
f 
r 


938 TIME REQUIRED FOR FERRITIN SYNTHESIS 


cording to such a scheme, it can be shown that the incorporation of an 
injected labeled amino acid into ferritin, y, should obey the equations' 


y= OLT (¢ S t,) (1) 


(2) 


where ¢ is the time after the injection of the labeled amino acid, t, is the 
time required to assemble an entire ferritin molecule, and 7 is the total 
time during which ferritin has been accumulating at a linear rate. 7’ can 
be roughly estimated from Fig. 4 as being about 2 hours less than the time 
subsequent to injection of iron and y is the experimentally determined 
incorporation. A plot of log 27'y against log @ should be a straight line 
of slope 1, whose intercept with the ordinate is —log ¢t,. Fig. 8 shows 
such a plot of the ferritin incorporation data of Fig. 6. It is clear that 2Ty 
is proportional to @ and that ¢, is about 6.5 minutes. Fig. 10 shows a 
plot of Equations 1 and 2 for t¢, = 6.5 minutes, together with the experi- 
mentally observed incorporation of both leucine and valine in eleven ani- 
mals. In order to facilitate comparison of the data with the theoretical 
curve, the incorporation values for each animal were multiplied by a factor 
(near unity) that put the point closest to 5 minutes precisely on the theo- 
retical curve. The use of this factor may be justified by uncertainties 
in evaluating either 7’ or the intracellular amino acid specific activity. It 
is clear that the incorporation curves for all animals have substantially 
the same shape. This agreement of experimental data with the theoretical 
curve is a necessary but not a sufficient proof of the correctness of the as- 
sumptions made in calculating the curve. Other schemes are certainly 
possible and may be nearer the truth. 

Regardless of the mechanism, there can be no question that the synthesis 
of ferritin in rat liver requires about 6 minutes in vivo. To the extent that 
the synthesis of ferritin resembles the synthesis of other proteins, we may 
ask how this study relates to the observations of other workers. Anfinsen 
and his coworkers (24, 27-30) have found non-homogeneous labeling of 
ovalbumin, ribonuclease, and insulin after the incubation in vitro of oviduct 
or pancreas slices with appropriate labeled amino acids. Only after many 
hours did a given amino acid approach nearly equal labeling throughout 
the molecule. Thus the time ¢, at which every amino acid incorporated 
was being derived from the free amino acid pool would also be many hours. 
Craddock and Dalgliesh (17), on the other hand, found a linear rate of 
incorporation of amino acids with no lag period into ribonuclease in pan- 


1 See the ‘‘Appendix.” 
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creas slices under conditions similar to those of Anfinsen et al. This implies 
a very short time of synthesis. In both situations the rate of synthesis 


is low and the incorporation of labeled amino acids may be due to reactions 
other than synthesis de novo. In consequence, it is doubtful whether the 
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Fic. 10. Experimentally observed incorporation of labeled leucine and valine into 
the liver ferritin of eleven rats, and the theoretical incorporation curve for stepwise 
assembly of amino acids. Animals weighing between 250 and 350 gm. were injected 
with 8 to 15 mg. of saccharated iron oxide. 12 to 24 hours later 5 to 10 wmoles (1 
10’ to 3 X 107 ¢.p.m. total) of L-valine or L-leucine were injected. Intracellular free 
amino acid radioactivities were determined from the rate of total protein labeling 
and found to be from 1.1 to 4.5 X 10° ¢.p.m. per wmole. T was taken as the number 
of minutes less 120 subsequent to the injection of the iron. In order to facilitate 
comparison of these eleven different experiments, every incorporation value for each 
animal has been multiplied by a factor such that the point nearest 5 minutes falls on 
the theoretical curve. These factors are in order of the rat numbers: 0.96, 1.09, 1.09, 
1.21, 0.87, 0.83, 0.97, 1.30, 1.02, 1.10, and 0.82. 


time required for the synthesis of a protein molecule can be obtained from 
such experiments. 

We are unable to explain why Steinberg and Anfinsen (28) should have 
obtained a slight non-uniform labeling of ovalbumin after 16 hours of 
synthesis in vivo. The apparent non-uniform labeling of hemoglobin re- 
ported by Kruh et al. (31), after many hours of synthesis in vivo, is also 
difficult to explain. These observations are contrary to the experience 
of other workers such as Muir, Neuberger, and Perrone (32), who found 
rabbit hemoglobin to be uniformly labeled after 16 hours, and Askonas, 
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Campbell, Godin, and Work (33), who found goat casein and §-lactoglob- 
ulin uniformly labeled after 3 hours. These data are consistent with a 
time of synthesis such as we have found for ferritin. 

Haurowitz (2) had estimated the speed of protein synthesis to be of the 
order of seconds from observations on the rate of synthesis of antibody 
relative to the amount of antigen. This requires the unproved assumption 
that the antigen is directly involved in forming each antibody molecule. 
If this assumption should be correct, it may be that only a very small part 
of the total time of assembly requires the antigen. For instance, a single 
template with its antigen might be simultaneously synthesizing several 
molecules of antibody as envisioned by Dalgliesh (1). 

Roberts and his coworkers (7) have concluded that the synthesis of bac- 
terial proteins is completed in a few seconds. Although this may be the 
case, it should be emphasized that they did not isolate pure proteins, and 
hence that their material may correspond to our total trichloroacetic acid- 
precipitable protein which likewise incorporated labeled amino acids lin- 
early from time zero. 

With the assumption that each ribonucleoprotein particle was a template 
for the synthesis of one protein molecule, Guild (34) calculated that, in 
rapidly growing bacteria, protein must be synthesized in 1 to 100 seconds. 
Borsook (3) has suggested a time of synthesis of about 100 minutes for 
hemoglobin. However, if his estimate of the molecular weight of the 
template is changed from 60,000 to the likely value of 2,000,000, the cal- 
culated time of synthesis would be about 3 minutes. 

There have been at least three estimates of the speed of protein synthe- 
sis derived from the rate of appearance of labeled secreted proteins. Jun- 
queira, Hirsch, and Rothschild (5) found maximal labeling of the pro- 
teins of pancreas juice about 3 hours after injection of glycine-C'*. Green 
and Anker (4) observed that serum proteins became labeled at a linear 
rate some 20 minutes after the injection of labeled amino acid. Peters 
observed a 15 minute delay before the appearance of radioactive albumin 
in liver slices (35). Recently, Peters has shown that labeled albumin is 
accumulating during the 15 minute lag in the microsome fraction of the 
liver (36). It seems likely that the delays found by the other workers will 
have a similar explanation. 


We are grateful to Dr. Paul C. Zamecnik, Dr. Elizabeth Keller, and Dr. 
Nancy Bucher for their assistance and helpful discussions. 


SUMMARY 


1. Rat liver ferritin increases after the injection of saccharated iron 
oxide at a linear rate for at least 24 hours after a lag period of about 2 
hours. 
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2. During the period of linear increase of ferritin, labeled amino acids 
have been injected, and the specific activities of free intracellular amino 
acid, of total liver protein, and of ferritin have been determined at inter- 
vals from 20 seconds to 80 minutes after the injection of the labeled amino 


acid. 
3. The rate of increase of radioactivity in total precipitable liver pro- 


tein has been used to estimate the specific activities of intracellular amino 
acids when these cannot be determined directly. 

4. The incorporation of labeled amino acid into ferritin begins slowly 
and gradually increases so that after 6 minutes the rate of incorporation 
is equal to the rate of net synthesis. In ferritin produced 6 or more min- 
utes after injection of a labeled amino acid, every amino acid residue has 
been derived from the labeled free intracellular amino acid. The shape of 
the incorporation curve is consistent with the assumption of a stepwise 
assembly of activated amino acids on a template. 

5. Labeling of total liver protein by leucine-C" stops within a minute 
when circulation to the liver is interrupted although incorporation of leu- 
cine-C'* into ferritin continues for several minutes. 


APPENDIX 


One may assume that 

1. Protein synthesis is proceeding at a uniform rate (i.e., in this model, valine 
units enter the template positions at a constant rate and ‘‘completed”’ protein mole- 
cules leave at a constant rate; at any moment there are equal numbers of ferritin 
molecules in each stage of synthesis). 

2. The valine pool and any ‘‘activated valine’’ pools develop and maintain a con- 
stant specific activity at the instant of injection of the valine-C". 

3. The normal ferritin content of liver is negligibly low. All of the ferritin syn- 
thesized after the iron injection is retained by the liver and is included in the experi- 
mental measurement. 

Let T = the time (minutes) from the onset of ferritin synthesis to the injection of 
valine-C'*, 

t = the time (minutes) from the injection of valine-C™ until the incorporation 
measurement. 

At = the time (minutes) required for the addition of 1 valine residue to the grow- 
ing ferritin chain. If n is large, Ad is small but not infinitesimal. 

n = the number of valine residues per ferritin molecule. 

m = the number of intervals At in time t; mAi = t. From the model, m is also the 
number of labeled valine residues in any ferritin molecule that is completed during 
the mth interval At (for ¢ S ¢,). 

t, = the time (minutes) required to assemble 1 complete ferritin molecule by one 
template = nAt. 

W = the concentration (moles per liter) of ferritin-synthesizing templates. W'/n 
= the number (moles per liter) of ferritin molecules completed in any interval At. 

P = the concentration (moles per liter) of ferritin. 

v = the concentration (moles per liter) of valine residues in ferritin = nP. 

v* = the concentration (moles per liter) of ferritin-bound labeled valine residues 
of specific activity equal to that of free intracellular valine-C™. 
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Av* = the increment in v* during the mth interval At. 


v* 
y = the incorporation into ferritin (experimentally observed quantity) = ——— 


v + 
p* 
For incorporations of the order reported here, v > v* and y = és 
Ay = the incorporation into ferritin during an interval At = i 
W Wt W 
(t t,) Av* = —m = — (t => t,) Av® =—--n=W 
n ts n 
Ay Av* Wt Ay Av* W 
At vAl 1.2P At vat Pt, 
A d 
If At<t = = = 
At dt 
Wt W W W 
nd = —— dj = —— f* = | — dt = — (2 — tt, 


These equations describe the incorporation of any amino acid into any protein ac- 
cording to the suggested model, provided that the assumptions are valid and pro- 
vided that Af is small enough to permit integration. For the special case of ferritin 


W 
P= (te, T>d 


and the above equations reduce to ;quations 1 and 2 in the text. 

Since n (leucine) is about 650 and n (valine) is about 400 for ferritin, At is less than 
1 second in each case. For the conditions reported in this paper, W is about 5 X 1079 
mole of templates per liter or about 1.5 X 104 templates per liver cell. 
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EARLY EFFECTS OF ESTRADIOL ON NUCLEIC ACID 
METABOLISM IN THE RAT UTERUS* 


By KRISTIAN F. JERVELL,f CARLOS R. DINIZ,{ ann GERALD C. MUELLER 


(From the McArdle Memorial Laboratory for Cancer Research, University of 
Wisconsin School of Medicine, Madison, Wisconsin) 


(Received for publication, November 14, 1957) 


Previous studies on the metabolism of formate-C™, glycine-2-C™ (1), 
and serine-3-C™ (2) in surviving rat uterine segments have revealed that 
the incorporation of radioactivity into the purine bases of mixed nucleic 
acids is a highly sensitive indicator of early estrogen action. In the present 
paper further attempts to characterize the estrogen-induced alterations of 
nucleic acid metabolism in the rat uterus are reported. 

It has been demonstrated that after a single dose of estradiol the content 
of ribonucleic acid (RNA) per rat uterus remained constant for from 3 to 
6 hours (induction period), and then accumulated rapidly during the en- 
suing 18 hours. In contrast, the content of deoxyribonucleic acid (DNA) 
per uterus remained constant throughout the Ist 24 hours. Protein ac- 
cumulation followed in the wake of the RNA increase. 

In parallel incorporation studies in surviving uterine segments, it was 
observed that the labeling of nucleic acid purines with CQ, in positions 
other than 2 and 8 was accelerated 2- to 3-fold after 6 hours of treatment 
with estradiol. These results are similar to those obtained with ‘“1-carbon”’ 
precursors in earlier studies (1, 2). In contrast, the labeling of the nucleic 
acid uridine was only moderately increased by treatment with estradiol. 
This increase was observed only during the subsequent period of RNA 
accumulation. This difference in the specific activities of acid-insoluble 
adenine and uridine was found to reflect a difference in the specific activities 
of the respective acid-soluble precursors. In response to 6 hours of treat- 
ment with estrogen, the uterine pool of acid-soluble uridine compounds 
was increased but their specific activity remained near that of the control 
tissue; in contrast, the specific activity of the acid-soluble purines was in- 
creased strikingly although the pool size increased only slightly. 


* This work was supported by a grant from the Alexander and Margaret Stewart 
Trust Fund, grant No. 1897-C4 from the United States Public Health Service, and 
an Institutional Grant from the American Cancer Society. 
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Foundation. Present address, Faculdade de Medicine de Ribeirao Preto, Universi- 
dade de Sao Paulo, Ribeirao Preto, Brazil. 
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Methods 


Female rats,' weighing approximately 180 gm., were subjected to ovari- 
ectomy through the dorsal approach and maintained on a diet of com- 
mercial dog chow (Purina) for at least 4 weeks before experimentation. 
In any single experiment all the animals were of the same age and were 
subjected to ovariectomy at the same time. 

At zero time the ovariectomized rats were injected in the tail vein with 
1 ml. of buffered saline which contained 10 y of estradiol-178 (3); control 
rats received 1 ml. of buffered saline only. After various periods of treat- 
ment with estrogen, the animals were decapitated and the uterine horns 
removed. Each horn was incised longitudinally and cut into four equal 
segments. ‘The segments from two to four animals were pooled as control 
and estrogen-treated tissues, respectively. Eight segments were selected 
randomly from the respective pools for each duplicate incubation flask. 
The reaction medium consisted of 2 ml. of Robinson’s medium (4) which 
contained 44 uwmoles of glucose and 5 umoles of NaHCO; (2 ue. per umole). 
In practice, a stock solution of NaHC™“QO; was prepared by careful trap- 
ping of CO, liberated from BaC™O; with acid in a solution containing 
equivalent amounts of alkali. After passing 100 per cent oxygen through 
the flasks, 0.1 ml. of the radioactive bicarbonate solution was added to 
each from a constriction pipette as quickly as possible. These operations 
were conducted at 0°. The subsequent incubations were carried out for 
1 hour at 37° with constant shaking. The reaction was terminated by the 
addition of 0.5 ml. of 20 per cent perchloric acid and the excess of radio- 


- active gas aerated from the acidified incubation medium. 


The tissue was frozen in liquid air and pulverized in a stainless steel 
mortar. The extractions were carried out as previously described to 
yield the acid-soluble, lipide, and nucleic acid-protein fractions (3). When 
indicated, these residues were spread on tared aluminum plates and counted 
for radioactivity. 

For isolation of uridine, thymine, adenine, and guanine, the nucleic 
acid-protein residues, weighing from 15 to 30 mg., were hydrolyzed directly 
with 1 ml. of 98 per cent formic acid in sealed tubes for 2 hours at 165°. 
After cooling, the tubes were cautiously opened by melting the tips in a 
flame and the acid was evaporated in a desiccator. The dried residues 
were extracted with 2.0 ml. of 0.01 Nn HCl. This supernatant fluid plus 
two 0.5 ml. washings were transferred to ion exchange columns composed 
of 40 X 7 mm. Dowex 50 (hydrogen form) layered on top of an equal 
amount of Dowex 1 (formate form). The first 3 ml. collected plus a 2 ml. 
water wash contained all the thymine, uracil, and uridine present in the 
hydrolysates. Where indicated, aspartic and glutamic acids were eluted 


1 Holtzman Rat Company, Madison, Wisconsin. 
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with 2 N HCl and isolated as the dinitropheny] derivatives according to the 
method of Perrone (5). The purines were eluted from the Dowex 50 col- 
umns with 6 n HCl. 

The pyrimidine and purine fractions were chromatographed on paper 
with use of the tert-butanol-HCl (6) and the n-butanol-H:.O systems (7), 
respectively. After elution of the components from the paper, aliquots 
were plated for counting and the amounts of the isolated bases were deter- 
mined spectrophotometrically with use of the molar extinction coefficients 
of Markham and Smith (8). This procedure, which will be reported in 
sreater detail elsewhere,’ gives a quantitative measure of the nucleic acid 
bases cited as well as radiologically pure samples for determination of the 
specific activities. In certain instances the method of LePage was used 
to obtain the purines (9). 

All the determinations of radioactivity in these experiments were made 
on solid samples plated on tared aluminum planchets and counted in gas 
flow proportional counters for a sufficient period to obtain 5 per cent statis- 
tical accuracy. The data are corrected for self-absorption and counting 
efficiency and expressed as counts per minute per mg. of dry protein- 
nucleic acid residues or as counts per minute per micromole of the nucleic 
acid components isolated. 


Results 


Accumulation of Nucleic Acids and Protein—The effect of a single 10 
y dose of estradiol on the level of DNA, RNA, and protein during the Ist 
24 hours of estrogenic response is given in Table I. Throughout this period 
the DNA per uterus, expressed as thymine per flask (four uterine horns), 
remained constant. Accordingly, it was convenient to express all other 
results per micromole of thymine. The RNA, expressed as micromoles of 
uridine per micromole of thymine, increased rapidly after an initial lag 
period which lasted 6 hours in most of the experiments. Once the accumu- 
lation of RNA was initiated, the rate of accumulation tended to increase 
during the period of measurement (Fig. 1). In some experiments the 
accumulation of RNA approached an exponential curve. In such cases 
a shorter induction period (approximately 3 hours) was observed. 

The increase in total nucleic acid adenine (Fig. 2) also reflects the ac- 
cumulation of RNA after treatment with estradiol; however, in this case 
the increase in RNA purines was superimposed on a high base line contrib- 
uted largely by the DNA purines. 

In experiments in which the level of RNA was followed up to 40 hours 
after hormone treatment, the RNA content (measured as micromoles of 
acid-insoluble uridine per flask or per uterus) declined after 25 hours. 


2 Jervell, K. F., Diniz, C. R., and Mueller, G. C., submitted for publication. 
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Earlier studies have shown that, under the conditions employed in these 
experiments (t.e. 10 y of estradiol in a single intravenous dose), the level 


TABLE I 
Effect of Estradiol on Accumulation of Protein and Nucleic Acid in Rat Uteri 


Hrs. of estradiol treatment! wmoles thymine per flask Mg. eo umole | umoles a umole 
Control 1.46 20.4 0.097 
1.43 19.5 0.102 
6 1.19 20.4 0.099 
1.47 18.8 0.100 
12 1.58 24.6 0.126 
1.51 23.0 0.135 
18 1.45 24.6 0. 167 
1.68 26.5 0.178 
24 1.45 29.5 0.219 
1.48 30.1 0.222 


The system was as described in the text and under ‘‘Methods.’’ Each number 
represents uterine tissue from twoanimals. RNA measured as micromoles of uridine 
and expressed as the ratio of micromoles of uridine per micromole of thymine during 
the Ist 24 hours after hormonal treatment. The control values were the same at 6 
and 18 hours. 


MMOLE URIDINE / 
MMOLE THYMINE 3 


MG PROTEIN/ 
MOLE THYMINE 


% DEVIATION FROM CONTROL 
8 


T 


MOLE THYMINE /UTERUS 


L 


24 


6 l2 is 
HOURS AFTER ESTRADIOL 


Fia. 1. Alteration in uterine composition after single dose of estradiol. 10 7 of 
estradiol were injected intravenously at zero time; DNA was measured as micro- 
moles of thymine. RNA was measured as micromoles of uridine and expressed 
as the ratio (micromoles of uridine per micromole of thymine) during the Ist 24 
hours after hormonal treatment. 


of active hormone becomes limiting prior to this time (3). When animals 
were given a subcutaneous injection of 100 y of estradiol in 1 ml. of corn 
oil and a similar injection after 24 hours, a continuous increase of RNA 
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could be followed up to 40 hours. No increase in DNA, when measured 
as thymine per flask, was observed in this period. These data agree with 
those of Telfer (10), who showed that new cell production as reflected by 
increased DNA per uterus occurs some time after 40 hours of continuous 
treatment with estrogen. This is also in agreement with determination of 
the mitotic rate by the colchicine technique as reported by Gelfant e¢ al. 
(11). 

Localization of RNA Increase after Treatment with Estrogen—Uterine 
tissues were removed from control and estradiol-treated animals 24 hours 
after injection, and 10 per cent homogenates were prepared in 0.25 M 


uJ 
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Z C controL 
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Fic. 2. The effect of estradiol on the accumulation of mixed nucleic acid adenine 
in the rat uterus. 10 y of estradiol injected intravenously at zero time. Mixed 
nucleic acid adenine measured during the 1st 24 hours after hormonal treatment. 


sucrose. After centrifugation at 8000 X g for 10 minutes at 0° (12), the 
supernatant and sedimented fractions were analyzed for acid-insoluble 
uridine as under ‘‘Methods.”’ As shown in Table II, the majority of the 
RNA-uridine is easily sedimentable. A similar situation has been recently 
reported by Hendler, who showed that the cytoplasmic RNA-containing 
basophilia in hen oviduct tissue are readily sedimentable (600 X g in a 
few minutes) from a homogenate prepared in a salt-free sucrose medium 
in which more than 90 per cent of the cells was broken (13). Whether 
these observations reflect a higher degree of association between the RNA 
granules (14) and the endoplasmic reticulum (15) than for most other 
tissues or whether an artificial aggregation of the ‘“‘microsome” material 
occurs cannot be decided at this time. The estrogen response was demon- 
strable in both fractions. 
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Incorporation of CO, into Nucleic Acid Purines—The stimulating effect 
of treatment with estrogen on the labeling of nucleic acid purines is shown 


TABLE II 
Localization of RNA in Homogenates from Uterine Tissue Treated with Estrogen 
Control Plus estrogen 

Homogenate 0.0935 0.223 

Supernatant fraction 0.024 0.040 
Homogenate 

Sedimented fraction 0.100 0.208 

Supernatant ‘ 0.011 0.035 
Homogenate 

Sedimented fraction 0.079 0.214 


Uterine tissue was homogenized for 8 minutes in 0.25 m sucrose to yield 10 per cent 
homogenates. After centrifugation for 10 minutes at 8000 X g, the sediment was 
washed once by resuspension in sucrose solution. Homogenates or fractions thereof 
were precipitated with perchloric acid and analyzed for uridine as described under 
‘‘Methods.’”’ Data are expressed as micromoles of uridine per micromole of thymine 
from the original whole homogenate. The estrogen-treated animals received a single 
dose of 10 y of estradiol 24 hours before analysis. 


TABLE III 


Effect of Estradiol on Incorporation of C“%O, into Mixed 
Nucleic Acid Purines of Surviving Rat Uteri 


Cosubstrate None Formate 
Isolated component Control Estrogen-treated Control Estrogen-treated 
Adenine 71 346 53 278 
51 295 78 285 
Guanine 115 575 115 523 
117 602 132 
Protein 314 292 342 365 
280 312 310 354 


The animals were killed 6 hours after administration of estradiol or control solu- 
tion. Uterine segments from four horns were incubated for 1 hour as described under 
‘‘Methods.’’? Mixed nucleic acid purines were isolated according to the method of 
LePage (9). The remaining dry protein residues were plated and counted as de- 
scribed earlier. The data are expressed as counts per minute per micromole in the 
case of the purines and counts per minute per mg. in the case of the protein. Where 
indicated, the incubation medium contained 0.003 m sodium formate as cosubstrate. 


in Tables III and IV and in Fig. 3. After 6 hours the purines were 
labeled three to four times faster than the controls. The results compare 


| 

| 

‘ 
| 
| 


ct 


r 
f 


K. F. JERVELL, C. R. DINIZ, AND G. C. MUELLER 951 


favorably with those obtained earlier with glycine, formate (1), and serine 
(2) as the radioactive precursors. The inclusion of a pool of non-radio- 
active formate failed to alter the labeling of the purines from C%Q.; thus 


700 6) 
fe) 
uJ 
a 500+ + ESTROGEN 
2 
2 300}- 
U 
CONTROL 
6 l2 18 24 


HOURS AFTER ESTRADIOL 


Kia. 3. The effect of estradiol treatment on the labeling of nucleic acid purines in 
surviving uterine segments incubated with C'O,. Nucleic acid purines isolated 
from uterine segments incubated with CO, for 1 hour at 37° as described under 
“Methods.”’ 


TABLE IV 


Effect of Estradiol on Incorporation of C“%O: into Uridine, Thymine, and 
Mized Nucleic Acid Adenine of Surviving Uterine Segments 


Treatment with estradiol 
Isolated component 6 hrs. 12 hrs. 

Control Estrogen-treated Control Estrogen-treated 

Uridine 7500 7350 7850 8060 

7150 7250 8250 8100 

Thymine 5 13 11 14 

11 14 12 16 

Adenine 69 260 107 431 

66 228 96 472 


Each flask contained uterine segments from two animals treated with estradiol or 
control solution 6 or 12 hours before sacrifice. System as under ‘‘Methods.’”’ The 
incubation time was 1 hour. The components were isolated after hydrolysis with 
formie acid as described. The data are expressed as counts per minute per micro- 
mole. 
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it seems most probable that this precursor labels the 6 position almost 
exclusively. 

In this connection the similarity of the responses obtained with different 
purine precursors (formate-C", glycine-2-C™, serine-3-C"%, and C'Q,) 
indicates that the estrogen affects a common step or mechanism which is 
limiting in the attainment of the completed purine nucleotide structure. 

The rate of incorporation declined rapidly after 12 hours (Fig. 3) even 
though the RNA was still accumulating at this time. One interpretation 
of this phenomenon is that the estrogen had set in motion a process in 
which the initial precipitating effects were wearing off or were becoming 
obscured by subsequent metabolic changes. 

Nature of Nucleic Acid Labeling—Since mild alkaline hydrolysis yields 
2’ ,3’-nucleoside monophosphates and nucleosides which originate from 
terminal residues, the nature of the estrogen-induced labeling could be 
tested. 

Nucleic acid-protein residues from control and estrogen-pretreated 
uteri which had been labeled in vitro with CO. were hydrolyzed in 0.1 N 
NaOH for 18 hours at 37° (16). After the hydrolysis, 1 umole of adenosine 
was added as carrier, and the neutralized mixture passed through a column 
of Dowex 1 (chloride form) to remove the adenine nucleotides from the 
eluate containing the adenosine. The latter was reisolated on Dowex 50 
(hydrogen form) and purified by chromatography on paper with tert- 
butanol-HCI solvent system. The nucleotides retained initially on Dowex 
1 (chloride form) were eluted with 0.5 n HCl, hydrolyzed for 45 minutes 
at 90°, and the purines isolated by ion exchange and paper chromatography 
technique as described under ‘‘Methods.”’ 

As can be seen from Table V, the increase in the specific activities of 
nucleic acid purines induced by treatment with estrogen was also evident 
in the nucleotide fraction after alkaline hydrolysis. No measurable radio- 
activity was recovered in the reisolated adenosine. Thus the labeled nu- 
cleotides were incorporated primarily into the nucleic acid structure 
through the typical phosphodiester linkages of the nucleic acid chain rather 
than through the labeling of the end groups. 

Incorporation of C'*O, into RN A-Uridine—The labeling of RN A-uridine 
presented a contrasting situation to that of the purines (Table IV and Fig. 
4). After 6 hours of treatment with estrogen, the specific activity of 
uridine was the same from treated and control uteri. Only when the uri- 
dine per uterus (or micromoles of uridine per micromole of thymine) began 
to rise was there an increase in the total amount of radioactivity incor- 
porated into the RNA; in most of the experiments this rate reached a maxi- 
mum after 12 hours of treatment with estrogen and thereafter declined in 
a manner similar to the purine labeling. The specific activity values of 
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the isolated uridines, however, were the same for both control and estrogen- 
treated tissues. Hydrolysis of labeled uridine showed that within the 


TABLE V 
Alkaline Hydrolysis of Uterine Nucleic Acids 


Control Plus estrogen 
Adenine 127 495 
177 508 
Guanine 172 882 
130 911 


The nucleic acid-protein residues were derived from 1 hour CQO, incorporation 
experiments with uterine segments from control and 6 hour estrogen-treated animals. 
The residues were hydrolyzed directly in 0.1 N NaOH for 18 hours at 37°. The nu- 
cleotides were isolated on Dowex 1 (chloride form), eluted with 0.5 n HCI, hydrolyzed 
for 45 minutes at 90°, and the purines isolated by ion exchange and paper chroma- 
tography as described under ‘‘Methods.’’ Data are expressed as counts per minute 
per micromole of purine. 


200 


TOTAL C.P-M.IN 
DINE / 


% DEVIATION FROM CONTROL 
oO 
Cc 


c.P.M. / 
URIDINE 


1 


6 l2 18 24 
HOURS AFTER ESTRADIOL 
Fic. 4. The effect of estradiol on the labeling of nucleic acid uridine in surviving 
uterine segments incubated with C“O,. 10 y of estradiol injected intravenously at 
zero time. Segments from four uterine horns incubated with C™O, for 1 hour at 
37° as described under ‘‘Methods.’’ RNA measured as micromoles of uridine and 
expressed as ratio (micromoles of uridine per micromole of thymine) during the Ist 
24 hours after hormonal treatment. 


accuracy of the methods all the incorporated radioactivity from C™O, 
was contained in the uracil portion of the nucleoside (Table VI). Similar 


t 
| | 

| 


954 ESTRADIOL AND NUCLEIC ACID METABOLISM 


results were also obtained when uterine segments from control and estrogen- 
treated animals were incubated in a medium containing orotic acid-6-C", 

Incorporation of C%O, into DN A-Thymine—In accordance with the con- 
stancy of thymine per uterus, the labeling of thymine from CO: was very 
low and of questionable significance (Table IV). A similar result was ob- 
tained with orotic acid-6-C", which has been shown to be readily incor- 
porated into DNA-thymine in tumor slices (17) and in slices isolated from 
regenerating liver (18). In accordance with the results of Jeener (19) and 
Telfer (10), the predominant products of early estrogen action lead to 
cellular hypertrophy rather than hyperplasia and DNA synthesis. 

Effect of Estradiol Treatment on Incorporation of CO, into Acid-Soluble 
Nucleotides—In the attempt to explain the apparent difference in the effect 


TaBLe VI 
Localization of Radioactivity in RN A-Uridine 
Uridine Uracil 
7675 7850 
7690 7800 


Uridine was isolated from uterine segments incubated with C™O, for 1 hour at 
37° as described under ‘‘Methods.”’ Uridine samples were hydrolyzed 34 hours at 
170° in 98 per cent. formic acid. Uracil was isolated by paper chromatography with 
n-butanol-H,O as the solvent system (7). Data are expressed as counts per minute 
per micromole of uridine and counts per minute per micromole of uracil. 


of estrogens on the labeling of nucleic acid uridines and purines, analyses 
were conducted on the acid-soluble fraction to determine the activity of 
the pools of the respective precursor. Due to the low level of these nucleo- 
tides, it was necessary to confine these analyses to the free purine bases 
or uridylic acid nucleotides of the acid-soluble fraction. It is considered, 
however, that they represent to a certain degree the state of the precursor 
pool since rapid equilibration of radioactivity occurs between the constit- 
uent nucleotides (20). Table VII gives the results of a carrier experiment 
in which the total counts incorporated into acid-soluble guanine after 1, 3, 
and 6 hours of treatment with estrogen were determined. After 1 hour a 
slight increase was observed; however, by 6 hours the incorporated radio- 
activity reached five times that of the control level. 

In the same experiment the total counts incorporated into acid-soluble 
uridine 5’-phosphate (UMP) were also determined (Table VIII). In con- 
trast to lack of effect of estradiol pretreatment on the labeling of the nu- 
cleic acid uridine, 6 hours of treatment with estradiol increased the total 
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count in uridine 5’-phosphate to nearly three times that of the control 


level. 
A summary of three experiments in which the amounts and specific 


TaBLe VII 

Effect of Estradiol on Labeling of Guanine in Acid-Soluble Fraction 
Treatment in vivo | Control | Plus estrogen 

1 | 105 

| S4 | 100 

‘ 263 

. | | 136 

6 7 | 359 

| 78 | 368 


10 > of estradiol were injected intravenously at zero time. Segments from three 
uterine horns, 1 hour incubation with C™Q,. 0.58 wmole of guanosine 5’-phosphate 
carrier Was added to an aliquot of acid-soluble fraction. Hydrolysis, 25 minutes at 
90° in 4 per cent perchloric acid. Guanine was isolated as described under ‘‘Meth- 
ods.”” Data are expressed as total counts per minute in guanine per micromole of 
thymine. 


VIII 
Effect of Estradiol on Labeling of Uridine 5'-Phosphate in Acid-Soluble Fraction 
Treatment in vivo Control | Plus estrogen 

Ars. | 
, 8,970 | 11,950 
9,550 | 9,100 
| 12,500 
| 7,550 
6 8,500 | 29,500 
10,400 | 27,400 


The system was as in Table VII. 0.83 wmole of UMP was added as carrier; after 
hydrolysis, UMP was reisolated by ion exchange (Dowex 1, chloride form) and paper 
chromatography with fert-butanol-HCl as solvent system (6). Data are expressed 
as total counts per minute in UMP per micromole of thymine. 


activity of adenine and uridine 5’-phosphate were determined is presented 
in Table IX. It is clear from the consideration of these data that size of 
the adenine pool increases only slightly with estrogen treatment, whereas 
the UMP pool increased strikingly. In Experiment III (twelve rats per 
group) it was possible to determine the specific activity of the UMP; it is 
interesting that this specific activity was similar for both the control and 
the treated tissues. Thus the increase in total radioactivity incorporated 
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TABLE IX 
Effect of Estrogen on Amount and Labeling of Acid-Soluble Nucleotides 
Experiment I Experiment II Experiment III 
Adenine UMP Adenine UMP Adenine | UMP 


Control rats, umole isolated 


0.470 | | | 
0.0060 | | 0.238 0.0037 
0.490 | | 
Estrogen-treated rats, pmole isolated 
0.565 | | 
| 0.282 0.024 


0.540 | | 


Control rats, specific activity, ¢.p.m. per wmole 


| 


| 2465 30,600 


Estrogen-treated rats, specific activity, c.p.m. per wmole 


| 9630 26,700 


Control rats, total c.p.m. incorporated 


1080 


| | 
| | 
| i 


Estrogen-treated rats, total c.p.m. incorporated 


| | 

The system was as described under ‘‘Methods.’’? Uterine segments were incu- 
bated with NaHCO, (except Experiment I). Selective hydrolysis of purine nucleo- 
tides, separation, and isolation by ion exchange and paper chromatographic tech- 
niques were as described. Where indicated, 1 ymole each of adenosine 5’-phosphate 
and of UMP were added as carriers. The data are expressed as micromoles of ade- 
nine or UMP per micromole of thymine, counts per minute per micromole of ade- 
nine or UMP, and total counts per minute incorporated per micromole of thymine. 
6 hours of estrogen treatment: Experiment I, the data are obtained from six control 
and six estrogen-treated rats. No radioactivity measurements; Experiment II, data 
obtained from twelve control and twelve estrogen-treated rats. Endogenous nucleo 
tides from 0.9 aliquots. Carriers added to 0.1 aliquots and reisolated. No quanti- 
tative recoveries of endogenous nucleotides from this experiment; Experiment III, 
same as in Experiment II. 
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into acid-soluble uridine 5’-phosphate was nearly matched by an enlarge- 
ment of the diluting pool. In the case of adenine the estrogen accelerated 
the incorporation of radioactivity into a pool size similar to the control 
level, thus resulting in a higher specific activity of the precursor pool of 
nucleotides used in the synthesis of the nucleic acids. 

Incorporation of CO, into Proteins—In view of the increased ability of 
estrogen-treated uterine segments to incorporate radioactive serine, glycine, 
lysine, and tryptophan, the rate of CO: incorporation into proteins was 
tested in stimulated and control tissue. It is evident from the data in 
Table III that treatment with estrogen for 6 hours had no effect on the 


TABLE X 


Effect of Estradiol on Incorporation of CO, into Aspartic 
and Glutamic Acids of Rat Uterine Protein 


Treatment with estradiol 
Isolated component 6 hrs. 12 hrs. 
Control Estrogen-treated Control Estrogen-treated 
Aspartate 217 190 191 273 
175 216 166 335 
Glutamate 38 39 37 57 
40 59 36 58 


Aspartate and glutamate obtained in the 2 Nn HCl eluates from the ion exchange- 
treated formic acid hydrolysates (see under ‘‘Methods’’) were isolated as the dinitro- 
phenyl derivatives according to the method of Perrone (5). The data are expressed 
as counts per minute per micromole of dinitrophenyl-amino acid. Each flask con- 
tained uterine segments from two animals treated with estradiol or control solution 
6 or 12 hours before being killed. 


CO, incorporation into the proteins. In a similar experiment (Table X), 
the proteins were hydrolyzed and aspartic and glutamic acids were isolated 
as the dinitropheny] derivatives. Only after 12 hours of treatment with 
estradiol was there a significant stimulation of incorporation of CO: into 
these amino acids. It is possible that a higher rate of incorporation at 6 
hours might have been masked by a greater dilution which resulted from 
larger pools of non-radioactive endogenous intermediates in estrogen- 
treated uteri. This phenomenon was suggested previously as an explana- 
tion for the lack of estrogen stimulation of incorporation of exogenous 
alanine in vitro (3). However, recent experiments from this laboratory’ 
have demonstrated that the enzymes involved in the activation of a number 


3 McCorquodale, D. J., and Mueller, G. C., unpublished experiments. 
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of so called non-essential amino acids are only slightly increased in activity 
during the 1st 12 hours of estrogen treatment. 


DISCUSSION 


These experiments, as well as earlier studies (1, 2, 10), demonstrate that 
the nucleic acid metabolism of the rat uterus is highly sensitive to the ac- 
tion of estradiol. Although the effect of the hormone is revealed through 
a stimulation of the incorporation of radioactive precursors into both the 
acid-soluble nucleotide fraction and into the nucleic acid polymers, the 
primary action appears to involve the precursor nucleotides. Both the 
size of the pools and the amount of labeling are increased rapidly, owing to 
the action of the hormone. It is of interest that the estrogen-induced 
expansions of both the adenine and uridine nucleotide pools are of a similar 
magnitude, whereas originally the pool of adenine nucleotides in the control 
tissues is approximately 60 times as large as that of the uridine nucleotides. 
This is compatible with preliminary data which support a partial break- 
down or reshuffling of existing RNA during the first few hours of estrogen 
treatment. 

In order to characterize the role of the hormone in accelerating the label- 
ing of nucleotides with glycine-2-C"™, formate-C™, serine-3-C™%, and 
it appears necessary now to study the individual enzymatic steps in these 
synthetic sequences. The observed results could be accounted for by 
alterations in the sizes of the intermediate pools, in enzyme activities, or 
both. However, in view of the observed increases of serine aldolase (21) 
and of seven amino acid-activating enzymes’ in association with the 
early estrogenic stimulation of ‘l-carbon” and protein metabolism, 
respectively, it is anticipated that the observed changes in nucleotide 
metabolism will also be attended by increases in enzymes catalyzing 
certain key reactions. Thus the mechanism of action of the estrogen may 
involve its role in the activation of preexisting enzyme proteins or in the 
induction of enzyme formation. 


SUMMARY 


1. Estradiol treatment induces a rapid accumulation of ribonucleic acid 
in rat uteri within a 24 hour period; deoxyribonucleic acid content of the 
uterus remains constant during this period. 

2. In the period from 1 to 6 hours after hormonal treatment in vivo, 
before ribonucleic acid accumulation, the early action of estradiol nucleo- 
tide metabolism is revealed as a stimulation of the incorporation in vitro 
of CO, into adenine, guanine, and uridine of the acid-soluble nucleotides 
from surviving uterine segments. 

3. The effect of estradiol on the labeling of nucleic acid purines and 
uridine with CO. in surviving uterine segments reflects primarily the 
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effect of the hormone on the size and specific activity of the acid-soluble 
pool of precursor nucleotides. 
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STUDIES ON THE ENZYMIC REDUCTION OF AMINO ACIDS 


III. PHOSPHATE ESTERIFICATION COUPLED 
WITH GLYCINE REDUCTION 


By THRESSA C. STADTMAN, PATRICIA ELLIOTT, 
AND LYDIA TIEMANN 


(From the Enzyme Section, National Heart Institute, National Institutes 
of Health, Bethesda, Maryland) 


(Received for publication, October 28, 1957) 


Glycine can be employed by a number of anaerobic bacteria as the elec- 
tron acceptor in a coupled oxidation-reduction reaction between pairs of 
amino acids (a Stickland reaction). This process (Reaction 1) involves 
a reductive deamination of glycine to form acetic acid and ammonia (1). 


NH.CH.COOH + 2H — CH;COOH + NH; (1) 


Until recently, little information was available concerning the mechanism 
of glycine reduction in such a fermentation since earlier attempts to study 
it in extracts had met with failure (2). It became possible to examine 
this reaction in some detail in enzyme preparations derived from Clos- 
tridium sticklandii (3) when it was discovered that dimercaptans such as 
DMP! would function as electron donors (4). The reduction of glycine 
in this system has proved to be an unexpectedly complex process which 
results in the formation of ATP (5). The partial purification and some 
of the properties of this glycine reductase system of C. sticklandii are de- 
scribed in the present communication. 


Materials 
Acetyl kinase was prepared from Escherichia coli according to the pro- 
cedure of Rose et al. (6). Purified phosphotransacetylase was obtained 
from E. R. Stadtman. Reduced lipoic acid and redistilled BAL were 
gifts from I. C. Gunsalus and H. Tabor, respectively. DDMP was synthe- 


sized according to the method of Stocken (7). Glycine-1-C' was purchased 
from the Volk Radiochemical Company, glycine 2-C™ from the Nuclear 


! The following abbreviations are employed: BAL, 2,3-dimercaptopropanol; DMP, 
1,3-dimercaptopropanol; CoA, coenzyme A; THFA, tetrahydrofolic acid; DPNH, 
reduced diphosphopyridine nucleotide; DPN, diphosphopyridine nucleotide; FMN, 
flavin mononucleotide; FAD, flavine adenine dinucleotide; AMP, adenylic acid; 
ADP, adenosine diphosphate; ATP, adenosine triphosphate; Tris, tris(hydroxy- 
methyl)aminomethane; EDTA, ethylenediaminetetraacetate (Versene); TPTA, tri- 
phenyltetrazolium chloride. 
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Instrument and Chemical Corporation of Chicago, and pyridoxal phosphate 
from the California Foundation for Biochemical Research, Los Angeles, 
The various mono- and dinucleotides used were commercial preparations, 
most of which were obtained from the Pabst Laboratories. Phosphor- 
amidate and adenosine 5’-phosphoramidate were gifts from Thomas 
Rosenberg (Gentofte, Denmark) and H. G. Khorana, respectively. 


Chemical Methods 


Suitable aliquots of reaction mixtures after deproteinization with per- 
chloriec acid (final concentration 3 per cent v/v) were assayed for glycine 
by the ninhydrin procedure of Cocking and Yemm (8), ammonia by direct 
nesslerization, mercaptan by an adaptation of Boyer’s p-chloromercuri- 
phenylsulfonate procedure for SH~- groups (9), and orthophosphate and 
acid-labile phosphate by the Fiske-Subbarow method (10). The per- 
chloric acid filtrates were adjusted to pH 6 with KOH and the insoluble 
potassium perchlorate was removed before chromatographic analysis of re- 
action mixtures for P-labeled ATP formed from P*®-labeled orthophos- 
phate (11). 

Orthophosphate was estimated in the presence of phosphoramidate and 
mercaptan by an adaptation of the Lowry-Lopez method (12). 

Acetate-C™ was estimated in neutralized steam distillates or in neutral- 
ized aliquots of supernatant solutions freed from residual glycine-C™ by 
treatment with Dowex 50-H* resin at pH 1 to 2. Identity of the radio- 
active product was established by Duclaux distillations. Acetate-C" iso- 
lated by distillation procedures was degraded according to the Schmidt 
reaction (13). Radioactivity measurements were made on the carboxyl 
carbon recovered as BaCQO; and the methylene carbon recovered as meth- 
ylamine picrate. 

Acetate was also estimated as acethydroxamate after incubation with 
-purified acetyl kinase and ATP (6). The high concentration of hydroxyl- 
amine used as trapping agent completely inhibits the further conversion 
of glycine to acetate by the glycine reductase enzyme system. Hence, 
it is unnecessary to inactivate by heat or deproteinize the samples before 
addition of the acetyl kinase assay components. 

The SH- concentration of various mercaptan solutions, except cysteine, 
was determined by iodine titration just before use. 

Protein was estimated by the biuret method (standardized against crys- 
talline bovine serum albumin) or by ultraviolet absorption methods. 

Incubation Conditions—Reaction mixtures which contained components 
indicated under ‘Experimental’? were incubated at 31° in 10 X 75 mm. 
stoppered test tubes in an atmosphere of helium or hydrogen. With 
most preparations, acetate formation was linear with time for incubation 
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periods up to 2 hours duration. If phosphate esterification also was to 
be measured, the reactions were terminated after 90 minutes since the 
activity of various phosphatases became more apparent with continued 
incubation. Usually, enzyme preparations were employed at 3 to 6 mg. 
of protein per 0.5 ml. of reaction mixture. Initially, for every preparation, 
the range of linear response to total protein concentration was determined. 


Enzyme Preparations 


Sonic extracts of freshly harvested cells of C. sticklandii were prepared 
as described previously (14). Crude extracts were adjusted to pH 8.1 
with Tris and diluted to contain not more than 15 to 18 mg. of protein 
per ml. 2 per cent protamine sulfate solution was added until the 280:260 
ratio of the supernatant fluid was 0.85 to 0.95. For most extracts about 
90 mg. of protamine sulfate per gm. of protein were required. The super- 
natant fluid obtained by centrifugation contained the enzyme activities 
and the precipitate was discarded. 

Precipitation with Ammonium Sulfate—Solid (NH4)2SO, was added to 
the protamine supernatant fluid to 0.3 saturation (21 gm. for each 100 ml. 
of extract) and the small precipitate discarded. The supernatant solution 
was adjusted to 0.6 saturation with (NH,4)2SO,, centrifuged, and the pre- 
cipitate (Fraction A) dissolved in 0.05 m Tris buffer, pH 8.7. Fraction 
A contains about 60 per cent of the protein of the protamine supernatant 
fluid and most of the glycine reductase activity. Refractionation of this 
material with solid ammonium sulfate yielded Fraction B (protein precip- 
itated by addition of 24.5 gm. of (NH,)2SO, per 100 ml. of enzyme solution), 
Fraction C (protein precipitated by further addition of 10.5 gm. of 
(NH,)2SO,4 per 100 ml. to the supernatant fluid from Fraction B), and 
Fraction D (protein precipitated by addition of 7 gm. of (NH4)2SO, per 
100 ml. to the supernatant fluid from Fraction C). These precipitates 
were dissolved in 0.05 m Tris, pH 8.7, containing 10-? m EDTA. 

Calcium Phosphate Gel Treatment —Calcium phosphate gel (15) was added 
to Fraction B (diluted with 0.05 m Tris buffer to a protein concentration 
of 25 to 35 mg. per ml.) until a gel to protein ratio of 0.92 was attained. 
The gel precipitate was washed once with a volume of cold distilled water 
equal to that of the original protein-gel suspension and then eluted with 
a similar volume of 0.1 M potassium phosphate buffer, pH 7.6. The en- 
zyme in the buffer solution was precipitated by the addition of 28.7 gm. 
of (NH,4)2SO, per 100 ml. of solution, collected by centrifugation, and 
redissolved as above. Any insoluble denatured protein present was re- 
moved by centrifugation at 104,000 X g for 1 hour. This preparation is 
designated as Fraction E. 

Precipitation at Low pH—Fraction F was prepared either from Fraction 
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B or Fraction C as follows: The enzyme solution (diluted with water toa 
protein concentration of not more than 25 mg. per ml.) was usually about 
pH 8.1 to 8.2, and contained Tris buffer (about 0.02 m) and residual 
ammonium sulfate. Cold formic acid (0.1 M) was carefully added to such 
a solution until the pH was 4.9 to 5.0. The resulting precipitate was col- 
lected by centrifugation and dissolved in Tris buffer as before. Denatured 
insoluble protein was removed by centrifugation at 104,000 < g for 1 
hour and discarded. The above fractionation procedures were all carried 
out at 0-2°. Other methods tried, including solvent precipitation (— 15°) 
and differential heat inactivation, did not result in significant purification. 
The fractionation procedures outlined above, although they resulted in 
only 2- to 5-fold increase in specific activity of the over-all glycine reductase 
system, were finally adopted because they resulted in elimination, to a 
large extent, of such undesirable activities as acetyl kinase and mercaptan- 
activated phosphatases that destroy AMP and ATP. The final steps 
which yielded Fractions E and F did serve to separate the system into two 
protein components. Dialysis procedures were not generally feasible since 
considerable inactivation resulted. Hence, protein fractions obtained by 
precipitation with ammonium sulfate were assayed without removal of 
the residual ammonium sulfate. 


EXPERIMENTAL 


Phosphate (or Arsenate) and Nucleotide ‘Dependencies—In the presence 
of DMP, which can serve as the electron donor, crude extracts of C. stick- 
landit catalyze the reduction of glycine to acetate as described by Reaction 
1. However, upon fractionation with ammonium sulfate, a protein frac- 
tion is obtained (Fraction B) which no longer catalyzes glycine reduction 
unless orthophosphate and an adenine nucleotide are also added (Table I). 
As shown in Table I, arsenate will replace both orthophosphate and the 
adenine nucleotide. The nucleotide requirement is satisfied by either 
AMP, ADP, or ATP. This lack of specificity probably is due to the fact 
that the system contains an active adenylate kinase that has not been 
removed by any of the purification steps employed. Occasionally, prep- 
arations are obtained that exhibit greater activity with ADP than with 
AMP. For routine assays, particularly when the extent of phosphate 
esterification is to be measured, AMP plus a catalytic level of ADP is used. 

Nucleotides of inosine, guanidine, uridine, and cytidine do not replace 
adenine nucleotides or supplement them when phosphate is utilized. Also, 
they exhibit no effect with arsenate. This is true, as well, for enzyme 
preparations subjected to dialysis, treatment with Dowex 1-Cl, or passage 
over acid-washed Norit A columns (16). 

Stoichiometry—Data obtained from chemical balance studies (Table II) 
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TABLE I 
Effect of Orthophosphate (PO,), Arsenate (As0,), and AMP on Conversion of Glycine 
to Acetate 
Additions Acetate-2-C™ formed 
pmoles pmoles 


1 None* 


0.12 
PO,, 5; PO,, 10 0.43, 0.54 
“* 5 + AMP, 5; PO,, 10 + AMP, 5 1.48, 1.40 
AsQ,, 5; AsQ,, 10 1.29, 1.42 
+ AMP, 5 1.20 
+ 5 1.42 
2 None* 0.02 
PO,, 5 0.20 
AMP, 5 0.52 
1.09 


PO,, 5 + AMP, 5 


*The enzyme preparation (Fraction B, not dialyzed) contained 0.88 umole of 
orthophosphate per 3.6 mg. of protein employed. In addition to the components 
indicated, each sample contained Tris buffer (pH 8.7) 20 wmoles, MgCl, 3 umoles, 
DPN 0.1 umole, pyridoxal phosphate 0.003 wmole, DMP 9 umoles, 0.2 uc. of glycine- 
2-C' 10 umoles, and 3.6 mg. of protein (Fraction B) in a final volume of 0.5 ml. In- 
cubations were carried out anaerobically at 31° for 90 minutes. 


TaBLeE II 
ATP Synthesis during Reduction of Glycine to Acetate and Ammonia 
Experi- Glycine (SH)- PO, Pio min. Acetate NH; 
ment No.| decomposed oxidized uptake formed* formed formed 
pumoles umoles pmole pmoles pmoles 
1 1.01 1.07 0.98 1.01 1.23f 
2 2.52t 1.25 0.89 1.21 


Reaction mixture components and conditions are the same as those described in 
Table I except that each sample also contained AMP, 5 umoles, and KzHPO,, 5 


umoles. 
* Amount of phosphate released when heated for 10 minutes at 100° in 1 N acid. 


+t The enzyme preparation used to measure NH; formation had been precipitated 
with saturated Na.SO, and redissolved in buffer to lower its (NH,4)2SO, concentra- 


tion. 
t The amount of DMP oxidized was measured in incubation mixtures reduced to 


one-half the usual volume; all components were added in proportionally smaller 
amounts except for enzyme and glycine. 


show that a more precise picture of the reductive deamination of glycine 
is that given in Equation 2 


CH.(NH2)COOH + R(SH)2 + + ADP (2) 
CH;COOH + NH; + R—SS + ATP 
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Thus for each mole of glycine converted to a mole each of acetate and 
ammonia, 2 equivalents of SH- are oxidized and there is the concomitant 
esterification of 1 mole of orthophosphate to form ATP. The ATP formed 
was identified enzymatically with use of yeast hexokinase and glucose-6- 
phosphate dehydrogenase (17) as well as chromatographically (11). In 
experiments carried out with P*-labeled orthophosphate, no labeled ATP 
was detected in samples from which either glycine or DMP was omitted. 

Other Cofactor Requirements—After it was discovered that the reduction 
of glycine to acetate and ammonia is coupled with the synthesis of ATP, 
the system was reexamined to determine whether Mg**, DPN, and pyr- 
idoxal phosphate (4) are also required. Whereas most of the glycine 
reductase preparations are not influenced by additions of these cofactors, 
the activity of some preparations is diminished 30 to 50 per cent by omis- 
sion of either Mg** (3 to 10 umoles per 0.5 ml.) or DPN (0.1 to 0.2 umole 
per 0.5 ml.). It is concluded that these substances are probably necessary 
components of the enzyme system but often are already present in amounts 
sufficient to saturate the enzymes in question. The instability of the 
glycine reductase system to extensive dialysis has rendered systematic 
investigation of this aspect of the problem difficult. The status of pyri- 
doxal phosphate as a coenzyme in the system is still very questionable and 
only occasionally is a slight stimulation (20 to 30 per cent) due to its ad- 
dition seen. Complete inhibition of glycine reduction to acetate by 
NH,OH (10 mM) may, however, be related to a pyridoxal phosphate re- 
quirement. 

Degradation of Acetate-C'* Formed from Glycine-C'—To determine 
whether or not the carbon skeleton of glycine is maintained intact during 
its reductive deamination in the C. sticklandii system, acetate samples 
derived from glycine-2-C" and from glycine-1-C™ were isolated, diluted 
with unlabeled acetate, and degraded chemically. 

A sample of acetate from glycine-2-C", diluted to 26 c.p.m. per umole, 
contained 25 c.p.m. per watom of methylene carbon; there was no isotope 
in the carboxyl carbon. Similarly, acetate formed enzymatically from 
glycine-1-C™ and diluted to 20.6 c.p.m. per umole, was labeled in the car- 
boxyl position to the extent of 19.3 c.p.m. per natom of C and was unlabeled 
in the methylene position. Thus, no mixing of carbons occurs during 
this conversion. 

Substrate Specificity—A number of amino compounds, glycine deriv- 
atives, and other 2-carbon compounds were surveyed for their ability to 
replace glycine in the glycine reductase system as measured by a concom- 
itant esterification of orthophosphate. None of the following compounds 
was active in this respect: glycine anhydride (diketopiperazine), glycine 
methyl ester, glycylglycine, sarcosine, hydantoin, glycolic acid, glyoxylic 
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acid, ethanol, acetaldehyde, glycolaldehyde, §-alanine, y-aminobutyric 
acid, ethanolamine, serine, proline, valine, citrulline, and lysine. Glycolic 
acid was also tested in the system by the isotope dilution technique. It 
did not enter the metabolic pathway of glycine to acetate since it neither 
diluted the radioactive acetate formed from radioactive glycine nor became 
labeled itself. Thus free glycolic acid is not an intermediate in the con- 
version of glycine to acetate. 

Nature and Specificity of Electron Donor System—Dimercaptans are the 
only electron donors that have been found to function in the isolated gly- 
cine reductase system of C. sticklandit (Table III). The monomercaptans 
examined were without activity either alone or when used to supplement 
suboptimal amounts of DMP. Reduced lipoic acid was inhibitory at levels 
greater than 0.02 m SH” (final concentration), possibly because the DL 
mixture was employed. BAL is much less effective as a reducing agent 
thanis DMP. The same relative activities of these compounds have been 
observed in the purified p-proline reductase system of this organism (14), 
whereas a DPN-linked mercaptan dehydrogenase? (18, 19), also present 
in Fraction B, displays quite different relative activities with these sub- 
strates (last column, Table III). For example, the DPN-linked enzyme 
is considerably more active on BAL than on DMP and also uses several 
monomercaptans to an appreciable extent. Such comparative data pro- 
vide additional evidence against the mediation of a DPN-linked mercaptan 
dehydrogenase in the transfer of electrons from mercaptan to amino acid 
acceptor in the amino acid reductase systems of this organism (20). 

The effect of DMP concentration on glycine reduction is shown in Table 
IV. A final concentration of about 0.015 m dimercaptan (0.03 mM SH_) is 
necessary to saturate the system. This is about half that required for the 
p-proline reductase system (14). 

Characteristics of Fractionated Glycine Reductase System—Separation of 
the glycine reductase system into two protein components was achieved 
by treatment of the enzyme with calcium phosphate gel (Fraction E) and 
by acidification (Fraction F). As seen in Table V, neither of these prep- 
arations, alone, had appreciable ability to catalyze the conversion of glycine 
to acetate, but together they exhibited good activity. Preserved in these 
preparations was the associated phosphorylation system. In Experiment 


The enzyme preparation used contains, in addition, a soluble FMN-linked di- 
aphorase that catalyzes the transfer of electrons from DPNH to TPTA. This di- 
aphorase is also activated to a lesser degree by riboflavin or folic acid but not at all 
by FAD. It is not sedimented by centrifugation at 104,000 X g for 3{ hours. The 
addition of a catalytic level of phenazine methosulfate increased the rate of trans- 
fer of electrons from DPNH to TPTA. Under these conditions, the diaphorase 
activity, as measured independently in a system wherein DPNH was generated by 
ethanol and ethanol dehydrogenase, is not rate-limiting. 
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TABLE III 


Relative Activities of Various Reducing Agents As Electron Donors for Glycine 
Reduction* and for DPN Reductiont 


Electron acceptor system 
Reducing agent 
Glycine DPN 
pL-6,8-Dimercaptooctanoate............ 60 170 


* As measured by the conversion of glycine to acetate; for experimental condi- 
tions, see Table I. Fraction B was used as the enzyme source and each mercaptan 
was tested at two or more concentrations in the range of 10 to 30 weq. of SH~ per 0.5 
ml. (0.02 to 0.06 m SH7-). 

t DPN-linked oxidation of the various mercaptans was measured in an assay in 
which TPTA was employed as the ultimate electron acceptor. The mercaptan de- 
hydrogenase assay system contained the following components: dimethyl glutarate 
buffer (pH 7.4), 20 wumoles; EDTA, 2.5 uymoles; MgCl2, 5 umoles; TPTA, 2.8 umoles; 
DPN, 0.2 umole; FMN, 0.005 uwmole; phenazine methosulfate, 0.2 y; mercaptan, 0.5 
to 2.0 weq.; enzyme, 0.8 mg. in a final volume of 0.5 ml. A control sample containing 
heated enzyme, but otherwise identical, was prepared for each sample. Incubations 
were carried out anaerobically in 10 X 75 mm. test tubes at 31° for 30 minutes. Con- 
ditions were chosen such that the reaction was linear both with respect to enzyme 
concentration and incubation time. The reactions were stopped by the addition of 
0.05 ml. of 30 per cent perchloric acid followed by dilution with 2 ml. of acetone. 
After centrifugation, the amount of red reduced TPTA in the supernatant solutions 
was measured at 540 mug. 

t The activity on DMP was set arbitrarily at 100 in both assays. 


TaBLe IV 
Effect of DMP Concentration on Glycine Reduction to Acetate 
—SH molarity Acetate formed 
0 0.12 
0.0033 0.30 
0.033 1.61 
0.066 1.56 
0.099 1.32 


Each sample contained orthophosphate 50 umoles, ADP 2 umoles, enzyme (Frac- 
tion B) 3.6 mg., and dimercaptan as indicated above. Other reactants are listed in 
Table I. Incubation time, 120 minutes. 
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2, Table V, data are presented which show that both enzyme fractions 
were also needed for the arsenolysis reaction. Thus, one protein fraction 
was not merely supplying the enzymes necessary for the final transfer of 
phosphate to ADP. In contrast to results of previous experiments (‘Table 
II), the reconstructed system used for Experiment 1 (Table V) formed 
much more acid-labile phosphate than acetate; similar results were ob- 
tained with many other recombined Fractions E and F. Moreover, it 
was also observed that even higher ratios of phosphate esterified to acetate 
formed could be obtained with a given enzyme combination by increasing 


TABLE V 
Separation of Gl yeine Reductase System into Two Protein Components 


Phosphorolysis reaction ] Arsenolysis reaction 
Experiment No. Protein fraction | 
| | Acetate formed 
moles 
l Ie 0 0.05 | Not measured 
0.19 0.11 66 “6 
E+F 1.35 0.76 “ “ 
2 1D 0.24 0.03 0.39 
F 0.42 0.42 0.47 
K+ F 1.80 1.61 1.76 


| 
| 
| 


In Experiment 1, 2.1 mg. of Fraction Fk and 2.34 mg. of Fraction F were employed. 
Other components were those described in Table I together with K,HPO, 3 umoles, 
AMP 5 umoles, and ADP 0.1 umole; final volume, 0.6 ml. Experiment 2 was similar 
to Experiment 1 except that different enzyme preparations were used. Fraction E 
was employed at a level of 1 mg. and Fraction F at 4.04 mg. In the phosphate-con- 
taining system there were K,HPO, 5 umoles, AMP 5 umoles, and ADP 2umoles. In 
the arsenate system these reactants were replaced with NasHAsO, 10 umoles. 

*See Table II. 


the concentration of the amino acid substrate (Table VI). Thus, at a 
concentration of 3.17 X 10°? m glycine, 4 times as much phosphate is es- 
terified as there is acetate formed. Although glycine disappearance could 
not be estimated at this high substrate concentration, it seemed likely 
that another product must have accumulated, the formation of which 
was coupled with the esterification of phosphate. Examination of reaction 
mixtures which contained glycine-C™ revealed that a labeled product, 
volatile from alkaline solution (pH about 10), was present.’ Aliquots of 
the distillate, containing neither labeled acetate (counts stable to drying 


> Samples, diluted to about 20 ml., were distilled in an all-glass microstill with a 
short reflux column; two-thirds of the total volume was collected in an ice-chilled 
receiver. 
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at alkaline pH) nor labeled glycine (counts stable to drying at acid or 
alkaline pH), when oxidized with acid chromate or acid ceric sulfate yielded 
CO, as the only detectable labeled product.4 There was approximately 
the same yield of labeled CO, upon oxidation of distillates prepared from 
parallel reaction mixtures containing glycine-1-C" or glycine-2-C". Thus 
both carbons of glycine appear in the volatile fraction and, since they are 
found in about equal amounts, it seems likely that they are in a single 
compound. 

In a somewhat larger scale experiment, 4 wmoles of the volatile product 
(assuming 1 labeled carbon atom per mole) accumulated when 10 yumoles 
of glycine-2-C" and 17 uymoles of DMP were incubated for 90 minutes in 
a total volume of 1.26 ml. with 2.6 mg. of Fraction E, 6.36 mg. of Fraction 


TaBLe VI 
Effect of Glycine Concentration on ATP: Acetate 
Glycine concentration Pio min. formed* Acetate formed 

pumoles umole 

0 0.24 
4.75 X 0.71 0.53 
7.95 X 10-3 0.93 0.49 
1.59 X 10°? 1.00 0.48 
3.17 KX 10°? 1.70 0.41 


The enzyme was 1.31 mg. of Fraction E plus 3.18 mg. of Fraction F. Samples 
(0.63 ml.) were incubated anaerobically, 90 minutes. 
*See Table II. 


IF, and doubled amounts of the other necessary components (Table I). 
In addition, 0.8 umole of acetate accumulated, 2.7 umoles of orthophos- 
phate disappeared, and 2.7 umoles of acid-labile phosphate were formed. 
In view of the amount of phosphate esterification observed, it is tempting 
to suggest that the volatile compound may actually be a condensation 


* The labeled volatile product was oxidized with 0.9 n K;Cr,0, in 3 N H.SO, (final 
concentrations) overnight at room temperature or for 30 minutes at 70°. The mix- 
ture was then steam-distilled slowly and the distillate collected in alkali. No la- 
beled volatile acid was found; only C'*O, was collected. Control experiments with 
C-labeled acetate showed only 30 per cent conversion to CO, under these condi- 
tions; the remainder was recovered as unchanged acetate. Oxidation of the unknown 
with milder chromate (1 m CrO, in 0.7 nN H,SO,), under conditions whereby acetate 
was not attacked, also gave no labeled volatile acid and much lower yields of C0, 
(40 per cent or less). Ceric sulfate (0.66 saturated) in 0.66 n H,SO, oxidized the 
unknown to CO, as efficiently as did the stronger acid chromate when similar condi- 
tions were employed. In all cases the conversion to CO, occurred during the slow 
steam distillation and not during the preceding step. 
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product of 2 glycine residues, the formation of which could have required 
1 equivalent of esterified phosphate. Thus the total amount of phosphate 
esterified actually would have been 4.7 umoles (2.7 uwmoles net plus 2.0 
ymoles consumed), an amount equivalent to the total glycine products 
formed (4.8 umoles). Thus far, attempts to identify the volatile product 
have been unsuccessful. It has not yielded a dinitrophenylhydrazone de- 
rivative, nor is it retained on Dowex 50-H*. Also, as judged by the con- 
ditions of oxidation to COs, it is probably not ethanol, acetaldehyde, di- 
acetyl, or acetyl methyl] carbinol. 

Reversibility of Reaction—Combined Fractions E and F as well as Frac- 
tion B were studied with respect to their ability to catalyze the reversal 
of Reaction 2. When high concentrations of reactants> and prolonged 
incubation times were employed, only a slight conversion of acetate-C" 
to a non-volatile compound was observed. 

Inhibitors—Substances that have been found to inhibit the reductive 
deamination of glycine by enzyme preparations of C. sticklandii are NH,OH 
(100 per cent by 10-? m), sodium fluoride (50 per cent by 1.67 XK 10°? m),® 
metals such as iron, manganese, and cobalt, when added in trace amounts, 
and atmospheric oxygen (50 to 75 per cent inhibition when air, 2.5 ml., 
instead of helium is the gas phase in 10 K 75 mm. stoppered tubes). The 
reaction is not sensitive to dinitrophenol (5 K 10-5 mM); however, the sta- 
bility of dinitrophenol in these preparations has not been determined. 


DISCUSSION 


One of the most interesting facets of the glycine reductase system of 
C. sticklandiit is the mechanism of ATP synthesis. In view of the fact 
that arsenate can replace, completely, orthophosphate and the adenylate 
nucleotide in this reaction, it is likely that a phosphorylated intermediate 
is formed normally and that this subsequently transfers its phosphate 
moiety to ADP to form ATP. The corresponding arsenate derivative 
presumably decomposes spontaneously. 

Among the known high energy phosphate compounds that might be 
considered as possible intermediates are acetyl phosphate and phosphor- 
amidate. The former already is somewhat unlikely when one considers 


>The following concentrations of reactants were used: potassium acetate-C", 
100 umoles (pH 5.5); 50 wmoles; ATP, 10 uwmoles; oxidized lipoie acid, 
2.5 umoles (or 1,3-dithiopropanol, 2.5 umoles); and MgCl, 10 umoles in a total vol- 
ume of 1.0 ml. In other experiments phosphoenolpyruvate, pyruvate kinase, and 
ADP, as well as acetyl phosphate and ADP (acetyl kinase supplied in Fraction B), 
were used to generate ATP. No reaction was detected at pH 8.7. 

‘The same extent of inhibition was observed for the phosphorolysis reaction 
(1.67 X 10°? m PO,") and the arsenolysis reaction (1.67 X 10-? m AsO,"). Mgt** (5 
X 10-3 M) was present in each instance. 
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that it is the a-carbon atom of glycine that undergoes reduction in its 
conversion to acetate. Moreover, in trapping experiments in which pu- 
rified transacetylase and substrate levels of CoA replaced AMP and ADP, 
there was no accumulation of acetyl CoA. No material that reacts with 
hydroxylamine to form a hydroxamate has been found to accumulate in 
complete reaction mixtures or those from which either one of the enzyme 
fractions or the nucleotide acceptor has been omitted. Also, removal of 
the active acetyl kinase from the extracts, by preparation of Fractions E 
and F, resulted in no loss of ability of the glycine reductase system to 
form acetate and ATP. In preparations which contain a very active acety] 
kinase, synthesis of ATP from acetyl phosphate and from the reductive 
deamination of glycine was additive. 

Phosphoramidate can be excluded as the phosphorylated intermediate 
since this compound did not give rise to any ATP formation when incu- 
bated with the enzyme system. The only activity detected was a slow 
hydrolysis to orthophosphate and ammonia by a phosphatase present in 
l’raction E and in the crude preparations. Likewise, no ATP formation 
was observed with adenosine 5’-phosphoramidate (21) although the cor- 
responding derivative of ADP may conceivably be involved; however, the 
objection to all of these particular N-P compounds is that the type of 
group transfer reaction which would be expected to form them should place 
an oxygen atom on the amino donor compound. In the case of glycine 
the product should be glycolic acid but this, at least as the free compound, 
has been found to be completely inert in the system. 

The remaining obvious possibility is the mercaptan; 2.e., the phosphoryl- 
ated intermediate may be S-phosphoryl dimercaptopropanol. Some prec- 
edents for such a suggestion are recent reports (22, 23) that S-phosphory] 
CoA occurs as a high energy phosphorylated intermediate in other bio- 
logical systems. The synthesis of ATP by the glycine reductase system 
is apparently not due to SH” oxidation alone since enzyme preparations 
containing both the glycine reductase and pb-proline reductase activities 
form ATP only when glycine acts as electron acceptor for DMP oxidation. 
Although p-proline is actively reduced to 6-aminovalerate, there is no 
associated phosphorylation observed with this substrate (14). 

With some purified enzyme preparations a stimulation of glycine con- 
version to acetate by the addition of imidazole has been observed. This 
may perhaps be due to a slow catalysis by imidazole of the cleavage of an 
intermediate that normally participates in an enzyme-catalyzed reaction. 
If the enzyme necessary for this step has been made rate-limiting by the 
purification procedure, the non-enzymatic catalysis by imidazole might 
then be detectable. 

Inhibition of glycine conversion to acetate by fluoride in the case of the 
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arsenolysis as well as the phosphorolysis reaction implicates a metal cat- 
alyst for both processes. 

The formation of acetate from glycine by C. sticklandii results in no 
mixing of the carbon atoms; thus this process is completely distinct from 
that occurring in other glycine-fermenting organisms such as Diplococcus 
glycinophilus and Clostridium acidi-uriet (24). 


SUMMARY 


Utilization of 1 ,3-dimercaptopropanol as electron donor has made pos- 
sible a more detailed study of the reductive deamination of glycine in a 
soluble system prepared from Clostridium sticklandit. 

The partial purification and some of the properties of this glycine re- 
ductase system are described. 

Balance experiments carried out with purified enzyme preparations show 
that, for each mole of glycine reduced to a mole each of acetate and am- 
monia, 2 equivalents of SH” are oxidized and 1 mole of orthophosphate is 
esterified. 
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THE INCORPORATION OF ADENINE NUCLEOTIDES 
INTO RIBONUCLEIC ACID OF CELL-FREE 
SYSTEMS FROM LIVER* 


By EDWARD HERBERT 


(From the Department of Biology, Massachusetts Institute of Technology, 
Cambridge, Massachusetts) 


(Received for publication, August 30, 1957) 


The isolation and purification of enzymes from bacteria that polymerize 
ribonucleoside diphosphates (1-3) have intensified the search for enzymes 
in animals that will synthesize RNA.! A number of reports (4-11) have 
established that radioactive compounds can be incorporated into RNA 
in cell-free systems from animals, but the pathway of incorporation and 
the identity of the immediate precursor of RNA remain in doubt. The 
role of subcellular fractions from rat liver in the incorporation of orotic 
acid-6-C' into RNA was studied by Herbert, Potter, and Hecht (10). 
It was found that the extent of incorporation is directly proportional to 
the concentration of microsomes in the presence of mitochondria and a 
soluble enzyme fraction. The mitochondria apparently supply energy for 
the incorporation, and the soluble enzyme fraction converts orotic acid to 
acid-soluble uracil nucleotides, the precursor pool from which the uridylic 
acid moiety of RNA is derived (12). The role of the nuclear fraction was 
not determined. 

The studies reported here are an attempt to clarify further the role of 
the cell fractions in the synthesis of RNA. C'-labeled adenine nucleotides 
have been substituted for orotic acid in the hope that they would provide 
more immediate precursors of RNA. 


EXPERIMENTAL 


Materials—The adenine-8-C' and adenine nucleotides and cytidylic 
acids-2-C“ were purchased from the Schwarz Laboratories, Inc., Mt. 
Vernon, New York. Orotic acid-6-C' was obtained from Tracerlab, Inc., 
Waltham, Massachusetts. Phosphoenolpyruvate was purchased from 
the California Foundation for Biochemical Research, Los Angeles, in the 
form of the silver barium or cyclohexylamine salt. The nucleotides and 


* This work was supported in part by a grant from the National Science Founda- 
tion. 

1 The abbreviations used are RNA, ribonucleic acid; AMP, ADP, and ATP, ade- 
nosine mono-, di-, and triphosphates, respectively; CMP, cytidine monophosphate; 
GMP, guanosine monophosphate; UMP, uridine monophosphate. 
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the phosphoenolpyruvate were treated with Dowex 50 sodium cation ex- 
change resin to convert them from barium to sodium salts. Phosphocrea- 
tine was obtained from the Sigma Chemical Company, St. Louis, as the 
sodium salt. 

Preparation of Cell Fractions—Livers from adult male albino rats (250 
to 300 gm.) or pigeons were used. The livers were excised, chilled, and 
minced with scissors in 2.5 times their weight of ice-cold medium (0.025 
M KCl, 0.004 m MgClo, and 0.35 m sucrose (13)), before homogenization 
for 45 seconds in a Potter-Elvehjem homogenizer. The homogenate was 
centrifuged for 10 minutes at 600 X g to sediment the nuclei. The nuclear 
fraction was washed once with 5 volumes of the same medium and the 
washing combined with the original supernatant liquid. The combined 
supernatant liquids represent the 8; or cytoplasmic fraction. The §, 
fraction was centrifuged for 10 minutes at 15,000 X g in a Lourdes centri- 
fuge (model AA) to sediment the mitochondria. The supernatant liquid, 
referred to as the S2 fraction, was then centrifuged at 105,000 X g for 45 
minutes in a Spinco model L preparative ultracentrifuge to sediment the 
microsomes. The resulting supernatant liquid is called the soluble enzyme 
fraction. The sedimented fractions were resuspended in small volumes 
of medium by gentle agitation with a loose fitting, all-glass homogenizer. 
All the operations were carried out at 4°. 

Composition of Incubation Mixture—The standard incubation mixture 
consisted of the following components (concentrations in micromoles per 
ml.): MgCl. 3; potassium phosphate buffer, pH 7.2, 10; KCl 25; and 
sufficient sucrose to make the final concentration 0.25 mM. When hexose 
diphosphate was the energy source, the medium was also 10 mm hexose 
diphosphate, 0.1 mm diphosphopyridine nucleotide, and 40 mM _ nicotin- 
amide. When energy was supplied by oxidative phosphorylation in the 
presence of mitochondria, 10 mm sodium pyruvate and 4 mM potassium 
fumarate were present. Phosphoenolpyruvate and pyruvate kinase and 
phosphocreatine were added only as stated. 

Incorporation Experiments with Cell Fractions—When ADP-8-C™ was 
used, 0.1 umole containing 50,000 c.p.m. was added for each ml. of incuba- 
tion mixture. Labeled adenine was added only as stated. The flasks 
were then placed in cracked ice, and the amounts of cell fractions prepared 
from 100 mg. of liver were added per ml. of incubation mixture. The 
flasks were equilibrated for 5 minutes and then incubated with shaking at 
37°. The pH of the contents of the flasks was found to be 7.1 + 0.1 both 
before and after incubation. After incubation, the contents of the flasks 
were deproteinized with trichloroacetic acid (100 gm. per 100 ml.) or with 
1.5 nN perchloric acid to a final concentration of 0.5 ~ when anion exchange 
chromatography was to be performed (14). In every experiment reported 
here, at least one vessel was incubated at 0° for the same length of time 
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as the other vessels. No significant amount of radioactivity could be 
detected in the RNA prepared from these vessels (Table I). 

Determination of Radioactivity in Ribonucleic Acid—The acid-insoluble 
fraction of the incubation mixtures was washed five successive times with 
10 volumes of 5 per cent trichloroacetic acid. It was then treated accord- 
ing to the procedure described by Herbert e¢ al. (10) for the preparation of 
RNA. In early incorporation experiments with pigeon liver, the deter- 
mination of radioactivity in RNA prepared in this way gave poor agree- 
ment between radioactivity measurements on RNA from duplicate flasks 
and frequently as much or more radioactivity in RNA from control flasks, 
as in the RNA from the experimental vessels. To determine the cause 
of these erratic results, samples of RNA from flasks in which a pigeon 


TABLE I 
Removal of Radivactive Contaminants from RNA with Activated Charcoal 


Radioactivity, c.p.m. per mg. RNA 
ee 14 compound added to 
Before treatment 1 treatment 2 treatments 
1 Adenine-8-C!4 900 10 8 
2 5’-AMP-8-C4 519 13 0 
3 ADP-8-C'4 1017 2 5 


The samples are preparations of RNA from flasks in which the 8; fraction from 
pigeon liver was incubated at 0° with 600,000 c¢.p.m. (1 umole) of each of the C™ 
compounds listed in Table I and the standard components for 30 minutes. The 
flasks were allowed to stand in cracked ice for this time. RNA was prepared in 
the usual way. 


liver homogenate was incubated with C-labeled ADP were pooled and 
hydrolyzed in 0.1 N NaOH at 80° for 45 minutes (10). After the addition 
of authentic samples of non-radioactive 5’-AMP and ADP, the hydrolysate 
was placed on a Dowex 1 formate column (10 em. X 0.78 cm.?, 200 to 400 
mesh). The elution procedure shown in Fig. 1 is a modification of that 
already described (10). The upper part of Fig. 1 shows the positions of 
the compounds eluted from this column. Below it is seen that most of 
the radioactivity coincides with the positions of compounds added to the 
hydrolysate (5’-AMP and ADP). After a number of unsuccessful attempts 
to eliminate this contamination, it was finally found that treatment of an 
aliquot of the same sample of RNA with activated charcoal removes the 
radioactivity in the positions of 5’-AMP and ADP. The significance of the 
radioactivity in the 2’,3’-CMP fractions (Fig. 1) will be discussed later. 
Activated charcoal also removes contaminants from RNA in rat. liver 
experiments. 

Table I shows that activated charcoal removes radioactive contaminants 
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from samples of RNA prepared from flasks in which the §; fraction of pigeon 
liver was incubated with each of the C' compounds listed in Table I for 


2'3-GMP 


c'4 IN ALKALINE HYDROLYSATE OF RNA 
NO CHARCOAL TREATMENT 


250r 


CHARCOAL TREATMENT 


COUNTS PER MINUTE 
10 


CONC. 
OF O5N O2N ISN I75N 
OOH 


Fic. 1. The use of activated charcoal to remove radioactive 5’-adenine nucleo- 
tides from RNA. RNA from flasks in which a pigeon liver homogenate was incu- 
bated with ADP-8-C™ and standard components for 30 minutes was divided into two 
portions, one of which was treated with activated charcoal. The samples were then 
hydrolyzed with NaOH, and, after the addition of non-radioactive 5’-AMP (2 umoles) 
and ADP (3 uwmoles), they were placed on Dowex 1 formate columns (10 cm. X 0.78 
em.?). The upper part of Fig. 1 shows the positions of the 2’, 3’-nucleotides and of 
the added 5’-nucleotides (black areas), while the lower part shows the distribution 
of C4 in the hydrolysate. The positions of the nucleotides were established by 
comparison with positions and elution patterns of authentic samples. The Ex5/E260 
ratio of each fraction eluted from the columns served as a measure of the homogeneity 
of each peak. (The range of the F25/F260 in acid solution for the fractions in each 
peak was as follows: 1.7 to 2.0 for 2’,3’-CMP, 0.41 to 0.42 for 5’-AMP, 0.42 to 0.44 
for 2’,3’-AMP, 0.60 to 0.62 for 2’,3’-UMP, 0.69 to 0.72 for 2’,3’-GMP, and 0.40 to 
0.42 for ADP.) The volume of the fractions was 5.0 ml. for 0.2 n HCOOH and 20 
ml. for the rest of the solutions listed below the chromatogram. In the case of 0.05 
n and 3.0 n HCOOH the height of the crosshatched areas represents the counts per 
minute in the combined fractions, while in the case of 0.2 n HCOOH it represents 
counts per minute in two 5 ml. fractions. 


30 minutes at 0°. The treatment with activated charcoal is carried out 
in the following way. After the samples of RNA have been washed in 
alcohol (10), the alcohol is removed in an evacuated desiccator. Each 
sample is then dissolved in 1.5 ml. of water, and 20 mg. of activated char- 
coal are added. The sample is stirred for about 5 minutes, and the acti- 
vated charcoal is removed by centrifugation (sometimes two centrifuga- 
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tions are required). To eliminate RNA adsorption on the activated 
charcoal, the treatment must be carried out at a neutral pH and in the 
absence of salt. 

Measurement of Radioactivity-—For the determination of radioactivity, 
samples were plated in duplicate within circles 1.85 cm. in diameter in- 
scribed on copper disks. The disks were then placed on aluminum plan- 
chets and, after drying under infrared lamps, the samples were counted in 
a Tracerlab internal gas flow counter for 10 minutes. The average varia- 
tion among duplicate samples plated and counted in this way was 7 to 
10 per cent when the radioactivity was 3 times the background level (3 
times 17 to 22 c.p.m.). This was the minimal standard used for the data 
reported here. The counter has an efficiency of 35 per cent. No correc- 
tions for self-absorption had to be made, since the weight of all the samples 
was negligible. The results are expressed as specific activity (counts per 
minute per mg. of RNA) and as the total counts per minute in the RNA 
in the flask (specific activity times the total amount of RNA). RNA was 
determined by an orcinol method (10). 


Results 


Incorporation of C'-labeled Precursors into RNA of Pigeon Inver Homog- 
enates—Table II shows the extent to which a pigeon liver homogenate 
incorporates compounds into RNA under oxidative conditions. Each 
number in Table II represents the average of radioactivity determinations 
on RNA samples from duplicate flasks. The average variation between 
these samples is about 10 per cent. <A flask was run at 0° for each radio- 
active compound tested, and in no case was there detectable radioactivity 
in the RNA after treatment with activated charcoal. The radioactivity 
in the RNA samples does not dialyze in 24 hours at 0°, whereas C"-labeled 
AMP, ADP, and adenine (2 X 10-* m) dialyze completely in 24 hours. 
In this and subsequent experiments, all RNA samples were treated with 
activated charcoal before the determination of radioactivity. It will be 
shown later that no incorporation occurs in a similar system from rat liver 
in the absence of oxidative substrates. Of the radioactive compounds used 
in this experiment, ADP is apparently the most effective precursor. Simi- 
lar results have been obtained in experiments with rat liver homogenates. 

Activity of Subcellular Fractions from Rat Liver—In Table III the activity 
of different subcellular fractions is compared with that of the whole homog- 
enate. It is apparent that no incorporation occurs in the absence of both 
the nuclear and soluble enzyme fractions (7.e., with microsomes and 


I am indebted to Professor J. M. Buchanan of the Division of Biochemistry, 
Massachusetts Institute of Technology, for the use of counting equipment, and to 
the Radiological Safety Officer for advice on the use of radioactive isotopes. 
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TaB_e II 
Incorporation of C'4-labeled Compounds into RNA of Pigeon Liver Homogenates 
Flask No. Radioactive compound added Specific activity of RNA 
c.p.m. per mg. 
1 ADP-8-C!4 250 
2 Adenine-8-C'4 152 
3 2’ ,3’,-AMP-8-C' 67 
4 | 2’,3’, -CMP-2-C"™ 70 


Keach flask contained the following in a 10 ml. volume: 100 wmoles of potassium 
phosphate buffer (pH 7.2), 30 wmoles of MgCl., 250 wmoles of KCI, 100 umoles of 
Na pyruvate, 40 wmoles of K fumarate, homogenate from 1 gm. of pigeon liver, and 
- sufficient sucrose to make the final concentration 0.25 mM. The incubation was ear- 
ried out for 45 minutes. 1 uwmole of the radioactive compound was added in each 
ease. The specific activities of the radioactive compounds were as follows (in 
counts per minute per micromole X 1075): Flask 1, 5.0; Flask 2, 6.8; Flask 3, 4.5; 
Flask 4, 4.0. 


TABLE III 


Incorporation of C-labeled ADP into RNA of Subcellular Fractions from Rat Liver 
under Oxidative Conditions 


| Radioactivity, total c.p.m. 
Cell fractions incubated | Cell fractions isolated after incubation | 
| RNA | 2/,3’-AMp | Adeno- 
sine 
Homogenate Nuclei 350 170 82 
Cytoplasm 550 126 300 
ae minus soluble | Nuclei 300 190 94 
enzyme fraction Microsome and mitochondria | 627 125 345 
Homogenate minus nuclear | Microsomes and mitochon- | 304 20 290 
fraction dria 
Soluble enzyme 125 0 100 
Microsomes and mitochon 0 
dria 


The cell fractions listed in the first column were incubated for 45 minutes in a 
mixture which contained the following: 100 wmoles of potassium phosphate buffer 
(pH 7.2), 30 umoles of MgCl,, 250 umoles of KC], 100 zmoles of Na pyruvate, 40 umoles 
of K fumarate, 1 wymole of ADP-8-C™ (5 XK 105 c¢.p.m. per umole), cell fractions from 
1 gm. of liver, and sufficient sucrose to make the final concentration 0.25 m. The 
incubation volume was 10 ml. After incubation, the flasks were quickly chilled in 
ice and centrifuged to separate the cell fractions listed in the second column. RNA 
was isolated in the usual way, and aliquots were used for the determination of radio- 
activity (third column). The remainder of the RNA was then hydrolyzed and 
chromatographed on a Dowex 1 column to determine the radioactivity in the com- 
pounds listed in the fourth and fifth columns. 
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mitochondria alone). The results of incubating the homogenate and the 
homogenate minus the soluble enzyme fraction show that the highest 
degree of incorporation of C'-labeled ADP into 2’,3’-AMP occurs in the 
nuclear fraction. When the nuclear fraction is omitted from the incuba- 
tion medium, almost all of the radioactivity incorporated into RNA is 
eluted from the Dowex | formate column in the fractions containing cy- 
tidylic acid. It will be shown later that this radioactivity is actually in 
adenosine. The nuclear fraction enhances the incorporation of radio- 
activity into the 2’,3/-adenylie acid of cytoplasmic RNA. 


TABLE IV 


Activily of Soluble Enzyme Fraction Compared with That of Homogenate 
from Rat Liver 


Additions 
Cell fraction | sR Radioactivity 
Phosphocreatine 
pmoles per ml. | pmoles per c.p.m. per mg. RNA | total c.p.m. in RNA 
Homogenate........... 0 0 0 0 
14 0 440 2100 
Soluble enzyme....... 0 0 440 160 
0 2 4080 2200 
0 5 4600 2250 
0) 12 4600 2400 


The incubation medium contained the following in a volume of 10 ml.: 100 upmoles 
of potassium phosphate buffer (pH 7.2), 30 wmoles of MgCl2, 250 umoles of KCI, 1 
umole of ADP-8-C™ (5 X 105 c.p.m. per umole), cell fraction from 1 gm. of liver, and 
sufficient sucrose to make the final concentration 0.25 m. The oxidative substrate 
consisted of 100 wmoles of Na pyruvate and 40 umoles of K fumarate. The inecuba- 
tion was carried out for 40 minutes. 


Activity of Soluble Enzyme Fraction—In Table IV the activity of the 
soluble enzyme fraction is compared with that of the homogenate. It 
should be noted that the homogenate has no activity when oxidative 
substrates are omitted from the incubation medium. The activity of the 
soluble enzyme fraction is greatly enhanced when an ATP-regenerating 
system is activated by the addition of phosphocreatine.* It is also seen 
that the total amount of radioactivity incorporated into RNA in the soluble 
enzyme fraction is about equal to that incorporated into the RNA in the 
homogenate. 

RNA samples prepared from five soluble enzyme fraction incubation 
mixtures were pooled, hydrolyzed in alkali, and chromatographed on a 


3 The same result is obtained by the addition of phosphoenolpyruvate and pyru- 
vate kinase instead of phosphocreatine. 
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Dowex 1 column. Of the 9900 total c.p.m. present in the hydrolysate, 
9000 c.p.m. appeared in the same fraction where 2’ ,3’-cytidylic acid is 
usually eluted. The remainder of the radioactivity was in the 2’ ,3’-AMP. 
The former fraction, together with a sample of non-radioactive adenosine, 
was put on a second Dowex column, and the radioactive material was 
separated from 2! ,3’-cytidylic acid. The material was eluted with water, 
and cytidylic acid was eluted with 0.25 M ammonium formate. The fol- 
lowing evidence is cited to show that this radioactive material which could 
be separated from 2’ ,3’-cytidylic acid is adenosine. (1) The amount of 
radioactivity in each water fraction eluted from the second ion exchange 
corresponded exactly to the amount of adenosine in the fraction. When 
the radioactive fractions were pooled and chromatographed on a descending 
paper system by using 5 parts of N butanol, 4 parts of water, and 1 part 
of glacial acetic acid as solvent, all the radioactivity migrated with an 
ultraviolet spot that had an R, value of 0.42. This value can be compared 
with the Ry values of the following authentic compounds: adenosine 0.42, 
adenine 0.54, 5’-AMP 0.05, uracil 0.48, uridine 0.35, guanine (very indis- 
tinct spot), guanosine 0.20, hypoxanthine 0.28, xanthosine 0.30, inosine 
0.26, and cytosine 0.23. The radioactive material was eluted from the 
paper with 0.1 nN NH,OH, treated with 2 n HCl for 6 hours at 100°, and 
chromatographed again on paper by using the solvent system described 
above. This time the radioactivity migrated with an ultraviolet spot 
that had the same FR, value as adenine (0.53). (2) The specific activities 
of the radioactive material eluted from the ion exchange column and the 
first and second paper chromatograms were (in counts per minute per 
micromole), 1070, 1100, and 1060 with millimolar absorptivities of 14.3 
for adenosine and 13.0 for adenine at a wave length of 260 my in acid solu- 
tion. (3) After treatment of the radioactive material from the second 
ion exchange column with the specific enzyme, adenosine deaminase (15), 
65 per cent of the radioactivity was eluted from a Dowex 50 H+ column 
(10 em. X 0.78 cm.?, 300 mesh) in the same place as an authentic sample 
of inosine (with 0.56 n HCl). The rest of the radioactivity was eluted from 
the column in the same position as adenosine (with 3.0 n HCl). The 
ultraviolet absorption spectrum of the former material corresponded to that 
of inosine with maximal absorption at 249 my in acid solution. The 
specific activity of this material was 890 c.p.m. per umole with 12.2 as 
the millimolar absorptivity of inosine at 248 my in acid solution. 

This evidence is believed to establish beyond reasonable doubt that the 


4 The enzyme was prepared by treating Armour intestinal phosphatase according 
to the procedure of Kornberg and Pricer (15). The phosphatase activity was in- 
hibited by carrying out the incubation in 0.05 mM potassium phosphate at pH 7.4 
(15). No spontaneous breakdown of radioactive adenosine to inosine could be de- 
tected under these conditions. 
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radioactive material in the RNA hydrolysate is adenosine. Zamecnik 
et al. (16), Paterson and LePage (11), and Canellakis (17) have reached 
the same conclusion in experiments with cell-free systems from animals. 
Because of the high specific activity of the adenosine, roughly 60,000 
to 70,000 c.p.m. per umole (Table V), the possibility of contamination of 
the RNA by adsorbed acid-soluble compounds had to be considered. The 
conclusion that the radioactive adenosine isolated from RNA is not a 
contaminant but rather is chemically bound to the RNA is based on the 
following evidence: (a) after 72 hours of dialysis of the RNA, no radio- 
activity appears in the dialysate, whereas radioactive adenine, adenosine, 


TABLE V 


Distribution of Radioactivity in Acid-Soluble and Acid-Insoluble Fractions after 
Incubation of Soluble Enzyme Fraction with ADP-8-C"* 


Radioactivity Specific activity 
C.p.m. c.p.m. per pmole 
Acid-soluble compound 
Adenosine + adenine 500 
AMP 12,560 80,000 
ADP 39 , 360 80,000 
ATP 273 , 400 80, 000 
Acid-insoluble compound 
RNA 1,000 
Adenosine from RNA 800 60, 000 


The incubation mixture contained the following: 50 umoles of phosphocreatine, 
30 umoles of MgCl, 100 umoles of potassium phosphate buffer, pH 7.2, 250 umoles 
of KCI, 400,000 c.p.m. of C4-ADP (0.8 umole) in a volume of 10 ml. The incuba- 
tion was carried out for 20 minutes. 


and adenine nucleotides in the free form (2 X 10~-* m) dialyze completely 
in 24 hours; (b) repeated treatment of RNA with activated charcoal does 
not reduce its specific activity; (c) when radioactive RNA is added to a 
Dowex 1 formate column, no radioactivity can be eluted with 4.0 n HCOOH 
in 0.8 M ammonium formate. After the RNA is hydrolyzed on the resin 
with weak alkali, over 90 per cent of the radioactivity is then eluted with 
water as adenosine (590 of a total of 630 c.p.m.); (d) when radioactive 
RNA is treated with pancreatic ribonuclease (Worthington Biochemical 
Corporation preparation), 90 per cent of the radioactivity appears in 
adenosine upon chromatography; (e) the distribution of radioactivity in 
acid-soluble adenine compounds, RNA, and adenosine from RNA, after 
incubation of the soluble enzyme fraction with C-labeled ADP is shown 
in Table V. It is apparent that the total amount of radioactivity in acid- 
soluble adenine and adenosine is less than that in the RNA. It should 
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also be noted that the specific activity of the adenosine is of the same order 


of magnitude as that of the acid-soluble nucleotides. 

Incorporation of C™-labeled Precursors into RN A of Soluble Enzyme Frace- 
tion—Table VI shows the extent to which various C'-labeled compounds 
are incorporated into RNA of the soluble enzyme fraction. C'*-labeled 
ADP and adenine are incorporated to a greater extent than C'4-labeled 
orotic acid or 5’-CMP. From the approximate distribution of C"™ in 
nucleoside and nucleotide fractions of the alkaline hydrolysate of RNA, it 
appears that the labeling of 2 parts of the RNA molecule is possible with 


TABLE VI 
Incorporation of C-labeled Compounds into RNA of Soluble Enzyme Fraction 
: Distribution of C4 in hydrolysate of RNA 
Radioactive compound added Specific ac-, 
Nucleoside 2’ ,3’-Nucleotide 
ee C.p.m. per mg. per cent per cent 
1 Adenine-8-C'4 13,500 | Adenosine} 90 AMP 10 
2 ADP-8-C!# 3,700 90 10 
3 5’-CMP-2-C™ 800 | Cytidine 70 CMP 15 
4 Guanine-8-C!4 0 
5 Orotie acid-6-C"™ 850 | Uridine 80 UMP 10 
Adenine and guanine-8-C' 13,800 


The incubation mixture contained the following: 100 wmoles of potassium phos- 
phate buffer, pH 7.2, 30 wmoles of MgCl,, 250 wmoles of KCl, 30 of phospho- 
creatine, soluble enzyme fraction from 1 gm. of liver, and sufficient sucrose to make 
the final concentration 0.25 m. The incubation volume was 10 ml., and the incuba- 
tion time was 30 minutes. The specific activities of the radioactive compounds were 
as follows (counts per minute per micromole X 10-6): Flask 1, 4.0; Flask 2, 0.5; Flask 
3, 0.3; Flask 4, 3.0; Flask 5, 1.0. 


all the ribonucleotides. Unfortunately, radioactive 5’-guanine nucleotides 
were not available for testing. 


DISCUSSION 


If the highly radioactive compound obtained by alkaline hydrolysis of 
RNA is adenosine, as the evidence indicates, then the C-labeled ADP or 
ATP is exchanging with a monoesterified end group of the RNA (16) or 
becoming attached to RNA as a monoesterified end group. The fact that 
the same treatment which liberates nucleotides from RNA (alkaline 
hydrolysis and ribonuclease) also liberates radioactive adenosine indicates 
that the adenosine is bound to the rest of the RNA molecule by the familiar 
diester linkages. Furthermore, since diester linkages between purine 
nucleotides are not hydrolyzed by ribonuclease, adenosine must be esterified 
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to a pyrimidine nucleotide. This is in agreement with results reported by 
Canellakis (17) which showed that C4-AMP is attached to cytidylic acid 
groups of RNA by a soluble enzyme system from rat liver. 

The experiments with subcellular fractions suggest that the nucleus is 
responsible for the incorporation of adenine nucleotides into the interior of 
the RNA molecule (2’,3’-AMP), while enzymes in the soluble enzyme frac- 
tion may attach or exchange end groups for purposes which are not apparent 
as yet. However, Hoagland et al. (18) have suggested that this phenom- 
enon might be important in the incorporation of amino acids into pro- 
teins. To date, attempts to correlate this action of the soluble enzyme 
fraction with amino acid activation or incorporation into proteins have 
failed. To try to correlate the finding that nuclei incorporate ADP into 
the interior of RNA (Table III) with the finding that microsomes possess 
enzymes for the incorporation of radioactive orotic acid into the 2’ ,3’- 
UMP moiety of RNA (10) is difficult at the present time. The possibility 
exists that the RNA molecule is pieced together in different parts of the 
cell. The failure of Logan and Smellie (19) to detect transfer of P*- 
labeled RNA from the nucleus to the cytoplasm in experiments with 
liver cell fractions is evidence against a nuclear origin of cytoplasmic RNA. 
The discovery of polynucleotide phosphorylase in liver nuclei by Hilmoe 
and Heppel (20) is consistent with the finding (Table III) that an enzyme 
system in the nucleus labels the interior of the RNA molecule. It appears 
from reports by Canellakis (9), Zamecnik et al. (16), and Paterson and 
LePage (11), and from the results presented here (Table VI) that end 
labeling of RNA is more extensive than previously supposed. 

The fact that ATP must be regenerated for incorporation to occur in 
the soluble enzyme fraction (Table IV) suggests but does not prove that 
it, rather than ADP, is the immediate precursor of the radioactive adeno- 
sine, since ATP could serve as an energy donor. A definite conclusion in 
this regard must await the purification of the enzyme. 


SUMMARY 


Adenosine diphosphate is incorporated into ribonucleic acid of pigeon 
liver homogenates to a greater extent than is adenine or 2’ ,3’-adenylic 
acid. Incorporation of adenine nucleotides into the 2’,3’-adenylic acid 
moiety of ribonucleic acid occurs most rapidly in the nuclear fraction. The 
cytoplasmic and soluble enzyme fractions attach adenosine diphosphate 
almost. exclusively to monoesterified end groups of ribonucleic acid as 
evidenced by the appearance of labeled adenosine in the alkaline hydroly- 
sate of ribonucleic acid. The regeneration of adenosine triphosphate is 
required for incorporation to occur. 

Activated charcoal, if used at neutral pH and in the absence of salt, 
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adsorbs acid-soluble purine and pyrimidine compounds but does not 

adsorb ribonucleic acid. C 

I wish to acknowledge the assistance of Mrs. Carolyn Wilson in the 
execution of this work. 
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CHROMATOGRAPHIC ISOLATION OF PLASMA PROTHROMBIN 
AND TRANS-a-GLUCOSY LASE 
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With the discovery of a trans-a-glucosylase (TGase) in some prepara- 
tions of bovine prothrombin (1), some properties and quantitative methods 
for its analysis were established by using both the high and the low molecu- 
lar weight amylosaccharide substrates, amylose and maltose (2). This 
study reports the separation of prothrombin and TGase from each other 
by chromatography on the ion exchanger IRC-50 (XE-64). The conditions 
of high pH and buffer concentration, devised by Rasmussen (3) for the 
successful chromatography of thrombin on this resin, are unsuited to 
prothrombin preparations. At pH 6.4 and higher, the zymogen passes 
through columns in 1 hold-up volume, and the more concentrated phos- 
phate ion enhances the autocatalytic activation of prothrombin (4). 
However, Amberlite XE-64 equilibrated and developed with 0.1 mM phos- 
phate buffer at pH 5.95 + 0.05 and 0.117 Nn to 0.237 N in sodium ion is 
suited to the equilibrium chromatography of prothrombin and TGase. 
The prothrombin thus obtained is homogeneous by immunochemical and 
physicochemical criteria. The values are given for the maximal specific 
activity of the bovine prothrombin preparations. 

The TGase fractions obtained are nearly homogeneous. The constant 
ratio of velocities of TGase action on amylose and maltose, in both the 
crude and the highly purified fractions, indicates that only one enzyme is 
involved. This enzyme migrates electrophoretically as an a;-globulin. 


Materials and Methods 


Mixtures of prothrombin and TGase were obtained by slight modifica- 
tions of the prothrombin purification procedures outlined by Seegers et al. 
(5, 6). After precipitation from dilute bovine plasma at pH 5.2, the 
proteins, including prothrombin and TGase, are dissolved in 0.010 m 
sodium chloride and adjusted to pH 6.5. Both TGase and prothrombin 
are adsorbed from this solution onto Mg(OH)2. Only prothrombin is 
adsorbed from 0.15 mM sodium chloride. Decomposition of the Mg(OH): 
by carbon dioxide and subsequent ammonium sulfate and _ isoelectric 
precipitation procedures are exactly those used by Seegers for prothrombin. 
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Resin and Buffers—F or best resolution of the proteins, Amberlite IRC-50 
(XE-64) was fractionated by procedures outlined by Hirs (7). 

Sodium phosphate buffer of pH 5.95 + 0.05, 0.1 M in phosphate, and 
0.117 Nin sodium ion, was prepared by dissolving 9.08 gm. of NasHPO, 
and 46.40 gm. of NaH,PO,-H,0O in 4 liters of water. Higher sodium ion 
concentrations were achieved by adding solid NaCl and readjusting the 
pH with 2 Nn NaOH. A sodium ion concentration of 0.237 N was obtained 
by adding 27.2 gm. of NaCl and 10 ml. of 2 N NaOH to the buffer solu- 
tion. Diisopropyl fluorophosphate (DIFP) was kindly supplied by Dr. 
Bernard J. Jandorf of the Army Chemical Center, Maryland. 

Enzyme Analyses—Prothrombin was measured by the highly repro- 
ducible, modified two-stage procedure of Ware and Seegers (8), the refer- 
ence unit being the “Iowa unit” (9). All determinations were controlled 
by the titer of prothrombin in a known sample of oxalated bovine plasma 
which contained 262 units per ml. 

trans-a-Glucosylase was determined colorimetrically with potato amylose 
and manometrically with maltose as substrate (2). In each case,! the 
enzyme specific activity is expressed as (TG) and (TG) cine. 

Miscellaneous Measurements—The quantitative ninhydrin reaction of 
Moore and Stein (10) was used for analysis of all chromatographic fractions. 
The phenol reagent of Folin and Ciocalteu (11) was employed for the 
determination of tyrosine in the active fractions. 

Immunochemical Studies —The antigen-antibody reactions obtained by 
both the single and double agar diffusion methods (12, 13) were used as 
immunochemical criteria for the purity of the various preparations. An 
excellent wide spectrum antibody for these studies was provided by the 
y-globulin of rabbit antiserum to whole bovine plasma fractionated accord- 
ing to Sternberger and Petermann (14) and dissolved in one-fourth the 
original volume of saline. The antiserum was prepared by alum precip- 
itation of the antigen and immunization according to the procedures of 
Kabat and Mayer (15). It contained at least six antibody systems by the 
agar gel tests and included antibody to prothrombin. An antiserum to a 
relatively low specific activity prothrombin was kindly provided by Dr. 
Paul Halick of the Wayne State University College of Medicine. 


Results 


Chromatographic Conditions —Effective conditions for the separation of 
bovine prothrombin and TGase from each other and from other contam- 
inating proteins are achieved by chromatography on columns of IRC-50 
(XE-64), carefully equilibrated and developed with 0.1 mM sodium phosphate 
buffer, pH 5.95 + 0.05, and 0.117 N to 0.237 N in sodium ion. <A_phos- 


1 TGsylose and TGmsitese = TGase units. 
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phate concentration of no more than 0.1 M is maintained to avoid sponta- 
neous autocatalytic activation of prothrombin, which is accelerated in 
solutions of concentrated polyvalent anion (4). Complete resolution of the 
two active proteins requires columns at least 60 cm. in length. For analyt- 
ical chromatograms, 0.9 X 60 cm. columns resolve up to 30 mg. of prep- 
arations containing TGase and prothrombin, while 2.2 XK 60 cm. columns 
easily resolve 300 mg. of the protein mixture. 

Under these conditions, two protein peaks are eluted from the column 
(Fig. 1) and some ninhydrin-positive material is bound tightly to the 
resin. The first peak, eluted with 1.6 to 1.7 hold-up volumes, contains 
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ML.EFFLUENT 
Fic. 1. Chromatography of 70.7 mg. of a prothrombin-TGase mixture on a 2.2 X 60 
cm. column of Amberlite IRC-50 (XE-64). Resin is equilibrated and developed 
with 0.1 N sodium phosphate buffer, pH 5.95, and 0.117 N in sodium ion. 


TGase activity; the second, at 2 hold-up volumes, represents the quantita- 
tive elution of prothrombin. The amount of material remaining on the 
resin is inversely related to the specific activity of the prothrombin in the 
preparation placed on the column and, when eluted with 0.3 mM phosphate 
buffer, pH 8.0, contains neither prothrombin nor TGase activity. Table I 
contains data collected from a series of chromatographic separations. 
The elution diagram of Experiment 570301 is shown in Fig. 1. Slight 
asymmetry on the trailing edges of the TGase and prothrombin peaks may 
be prevented by loading and developing the columns slowly. However, 
more rapid flow rates were employed to reduce the possibility of the auto- 
catalytic activation of the prothrombin during the chromatographic 
procedure. The pH range for successful chromatographic separation of 
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the two enzymes is narrow. Lowering the pH to 5.80 or below results in 
either incomplete or no recovery of prothrombin, although TGase is eluted 
at pH 5.8. The TGase and prothrombin peaks overlap in chromatograms 
at pH 6.1 or higher. 

Chromatographic Procedure—In Experiment 570301, 105 mg. of a 
prothrombin and TGase mixture were dissolved in 4.0 ml. of 0.1 mM sodium 
phosphate buffer, pH 5.6, and 1.85 X 10-* mmole of diisopropyl fluoro- 


TABLE I 


Results of Chromatographic Separations of Bovine Prothrombin and 
trans-a-Glucosylase on 60 Cm. Columns of IRC-60 (XE-64) 


: 
5 
Original | Peak pro- Ninhydrin| \; > 2 > 
No. activity* | activity* recovered | "pin peak TGase 3 
| 48 
ad : per cent | per cent per cent 
570112 | 0.117 | 5,150 | 22,000 94.0 | 24.0 19.0f 
570202 | 0.117 | 9,650 | 33,000 94.5 | 24.8 13.2 68 .0 380 
(462) 
570301 | 0.117 | 24,000 | 34,000 100 71.4 5.6 96.5 398 


570309 | 0.117 | 26,000 | 33,000 | 100 87.0 10.0 


570318 | 0.117 | 25,400 | 33,600 98.5 | 87.8 12.2 
570329 | 0.117 | 17,700 | 33,500 
570408 | 0.237 | 25,000 | 34,500 | 100 
570413 | 0.237 | 26,100 | 33,700 | 100 78.0 


++ ++ 


* Units per mg. of tyrosine. The figures in parentheses are units per mg. of dry 
weight. 

t Definite overlap of prothrombin and TGase peaks. 

t No TGase is present in the original sample. 


phosphate was added. <A 2.2 60 cm. column of XE-64 carefully equili- 
brated with the 0.1 mM phosphate buffer, at pH 5.95, and 0.117 nN with respect 
to Nat was prepared, and 2.7 ml. (70.7 mg.) of the protein solution were 
applied and washed into the column with two portions of the buffer. The 
column was developed with buffer at a flow rate of 9 ml. per hour, and 1.0 
ml. fractions were collected by an automatic device. 

Determinations on all fractions demonstrated 5.6 per cent of the ninhy- 
drin-positive material in Peak I and 71.4 per cent in Peak II; 23 per cent 
remained on the column. Prothrombin was quantitatively recovered in 
Peak II. Peak I was qualitatively found to have (TG)™#!*e activity. 


| | (1540) (1960) | 
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Studies on Prothrombin Fraction—Preliminary indications of the high 
purity of the prothrombin peaks were noted by the constancy of specific 
activity in fractions collected through the ascending and descending limbs 
of each prothrombin peak. For example, the average specific activity of 
individual fractions in the described experiment was 33,800 + 500 units 
per mg. of tyrosine (Table IT). 

The fractions representing the prothrombin peak were combined and 
185 X 10-% mmole of QFP was added. The product obtained after 
dialysis against water and lyophilization had activities of 34,000 units per 
mg. of tyrosine and 2120 units per mg. of dry weight. 

All chromatographically purified preparations containing 33,000 to 
34,000 “Iowa” units per mg. of tyrosine and 2000 units per mg. of dry 


TABLE II 


Distribution of Prothrombin and TGase in Their Respective 
Peaks during Chromatography 


Fraction No. Prothrombin 
unils per mg. tyrosine 

98 0 380 

99 0 413 
100 0 400 
109 34, 200 0 
112 33, 800 0 
115 33,000 0 
118 33, 800 0 
120 34,200 0 


weight were found homogeneous by several criteria. During sedimenta- 
tion in the analytical Spinco model E ultracentrifuge, saline solutions of 
these preparations consistently demonstrated a single and symmetrical 
peak. The most sensitive indications of homogeneity were obtained by 
immunochemical reactions in agar gels between the prothrombin prepara- 
tions and the y-globulin fraction of rabbit antiserum to whole bovine plasma 
and rabbit antiserum to the unchromatographed bovine prothrombin. 
By both the single and double diffusion techniques, a single, sharply defined 
band was obtained. Prothrombin preparations of lower specific activity 
and those whose chromatograms show a definite overlap of Peaks I and II, 
such as in Experiment 570112 (Table I), contain contaminating materials 
by the same immunochemical tests. 

Studies on TGase Fraction—TGase specific activity measurements on 
fractions collected near the maximum of the first peak eluted from the 
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columns indicated that the enzyme was evenly distributed at this point 
(Table IT). 

A 1 per cent solution of TGase obtained in Experiment 570202 (‘Table I) 
was prepared after dialyzing the pooled fractions against water and lyophili- 
zation. Upon paper electrophoresis, this material was found in one brom 
phenol blue-staining spot parallel to the a;-globulin of a normal bovine 
serum. The TGase activity was eluted with saline from the same area 
after another electrophoresis. 

The TGase preparation could not, however, satisfy the immunochemical 
criteria for homogeneity. By diffusing in agar gels, the material reacted 
with the y-globulin of rabbit antiserum to whole bovine plasma, forming a 
heavy band of precipitation and two faint bands. In double diffusion 
plates, one of the minor bands showed a zone of similarity with chromato- 


TaBLeE III 
Failure of Fractionation to Alter Ratio of TGase Activities on Maltose and Amylose 
E amylose maltose (TG)8mylose 
(TG) tyrosine tyrosine TG)maltose 
70202 Before chromatography. .. 73.5 68 .0 1.04 
After 375.0 380.0 0.99 
570220 Before - Pat $3.5 78.0 1.07 
After 178.0 176.0 1.01 
Starch Before absorption. ....... 110.0 101.0 1.09 
After 73.0 66.5 1.10 


graphically purified prothrombin, and therefore probably represents a 
trace of the prothrombin from Peak II overlapping Peak I. No experi- 
ments have yet indicated which of the two immunochemically defined 
components represents TGase. Because of the high degree of purity, 
however, there seems little doubt that the activity responsible for the 
formation of glucose, maltotriose, and higher saccharides from maltose is 
a property of the same protein-catalyzing liberation of reducing sugar from 
amylose. 

Further evidence that a single protein is responsible for enzymic activities 
on the two substrates was shown by the constant ratio of specific activities 
of ‘TGase on amylose and on maltose, both before and after chromatographic 
purification (Table IIT). Also, since human plasma amylase is adsorbed on 
to a variety of starch species, this adsorption technique was applied to 
TGase to determine whether its two activities might be separated. A 
TGase-prothrombin mixture containing 39.4 (TG)£7°'* units and 35 
(TG)Rt*** units was treated with 100 mg. per ml. of raw potato starch 
(defatted with hot methanol). Neither activity was adsorbed from 
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aqueous or saline solutions. When CaCl, was added to 0.15 mM, 54 per cent 
of the (TG)#™¥!*se activity and 52.3 per cent of the (TG)™*!”* activity were 
adsorbed. The specific activities of the original and adsorbed enzymes 
and the constant ratio of these activities are shown in Table III. Elution 
from the starch was not undertaken at this time. Since the TGase reaction 
with amylose has a calcium optimum (2), it would seem that ionic calcium 
controls the affinity of the enzyme for the long chain starch derivatives. 


DISCUSSION 


Prothrombin preparations which approach chemical purity have been 
described by a number of investigators (5, 6, 16-18). Detailed physico- 
chemical measurements of the bovine prothrombin preparations of the 
Seegers’ group were made by Lamy and Waugh (19). Their materials, 
having specific activities averaging 29,500 units per mg. of tyrosine, 
appeared ultracentrifugally homogeneous and indicated a molecular weight 
of 62,700. 

The value of the chromatographic technique described lies in its ability 
to separate prothrombin consistently from the last traces of impurities, 
thus yielding a protein useful for chemical study. Such preparations are 
essential to the studies of changes in chemical structure of the precursor 
during its conversion to thrombin by various routes of activation. In 
previous end group studies, no molar quantities of N-terminal amino 
acids were found in prothrombin preparations with a specific activity of 
23,000 units per mg. of tyrosine (20). Subsequently, a plasma trans-a- 
glucosylase was discovered in prothrombin samples containing 18,000 
units per mg. of tyrosine (1). 

Chromatographically purified prothrombin preparations consistently 
had specific activities of 33,000 to 34,000 units per mg. of tyrosine and 
satisfied the very sensitive immunologic as well as ultracentrifugal criteria 
for homogeneity. The efficiency of purification is best demonstrated by 
data from the experiments included in Table I in which the columns were 
challenged with prothrombin of low activity. Prothrombin with 462 
units per mg. of dry weight and 9650 units per mg. of tyrosine (Experiment 
570202) was purified approximately 4-fold, the fractionated material being 
of maximal activity and purity. Usually, however, preparations placed 
on the columns contained at least 1100 units per mg. of dry weight and 
20,000 units per mg. of tyrosine. A preparation of very low activity, 
5150 units per mg. of tyrosine (Experiment 570112), was not completely 
resolved into the two components. 

In the early chromatographic studies, DIP was added to the prothrombin 
on the columns in order to stabilize the precursor against autolysis (21). 
Subsequently, the prothrombin was found completely stable on the resin 
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at the pH of operation so that DFP was eliminated. Preparations of the 
chromatographically purified bovine prothrombin described have recently 
led to the quantitative measurement of its N-terminal amino acid. 1 mole 
of N-terminal alanine per mole of prothrombin was characteristic of these 
preparations while no traces of other N-terminal residues were found (22). 
Such findings give chemical substantiation to the purity of the material. 

Since the ratio of activities of the trans-a-glucosylase on amylose and 
on maltose remains constant during chromatographic fractionation and 
since the final enzyme preparation is highly purified, it is reasonable to 
assume that only one protein reacts with the high and low molecular weight 
amylosaccharides. Since the enzyme synthesizes oligosaccharides con- 
taining a(1,4)-linked glucose residues from maltose, the enzyme protein 
itself may contain this type of carbohydrate. No composition studies 
were carried out in this work. However, the polyglucose fraction isolated 
from prothrombin preparations (23) may be related to this enzyme in 
some manner. 


SUMMARY 


1. Prothrombin is stable on and quantitatively recovered from columns 


of Amberlite IRC-50. Under ideal conditions, the resin is equilibrated — 


and developed with 0.1 mM sodium phosphate buffer, pH 5.95 + 0.05, and 
0.117 n to 0.237 N in sodium ion. Separation of prothrombin and trans-a- 
glucosylase from each other and from contaminants is highly efficient. 

2. Chromatographically purified prothrombin is homogeneous both 
ultracentrifugally and by immunochemical agar gel techniques by using 
wide spectrum antibody preparations. Maximal specific activity of these 
preparations ranges from 33,000 to 34,000 ‘‘Iowa”’ units per mg. of tyro- 
sine and 2000 units per mg. of dry weight. 


3. Chromatographed trans-a-glucosylase is a highly purified a;-globulin. — 


Apparently, the one enzyme is responsible for both oligosaccharide syn- 
thesis from maltose and degradation of amylose. 
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BOVINE BLOOD TRANS-a-GLUCOSYLASE, PROPERTIES 
AND MEASUREMENT* 


By KENT D. MILLER anno WILLIAM H. COPELAND 


(From the Division of Laboratories and Research, New York State Department 
of Health, Albany, New York) 


(Received for publication, October 22, 1957) 


Recently, a bovine plasma trans-a-glucosylase (TGase) was identified 
and highly purified (1, 2). This enzyme reacts with amylosaccharides 
which contain terminal a(1,4)-linked glucopyranose residues, such as 
maltose, amylose, and glycogen to produce glucose. With maltose as 
substrate, oligosaccharides are synthesized, which indicates that maltose 
and the oligosaccharides themselves act as both glucosyl acceptors and 
donors. 

This report includes quantitative data which establish the enzyme- 
maltose reaction as a transglucosylation process similar in some ways to 
that of the adaptive enzyme, amylomaltase, of Escherichia coli (3, 4). A 
rat liver enzyme described by Giri et al. (5) and the enzyme described by 
Whitby (6), which catalyzes the formation of riboflavinylglucoside from 
maltose and riboflavin, may be homologous with this plasma _trans- 
glucosylase. Sensitive assay procedures are described based on optimal 
conditions for the reactions of this enzyme with a high molecular weight 
substrate (amylose) and a low molecular weight substrate (maltose). 
These methods are used to follow the isolation of the enzyme and to estab- 
lish that one protein is responsible for the alteration of the amylosaccharides 
of varying molecular sizes (2). 

Notably, calcium and strontium ions increase the affinity of the enzyme 
for other than the terminal glucosidic linkages of the amylose chain. 
Enzyme-amylose reactions containing calcium ions produce a series of 
oligosaccharides rather than glucose. The calcium-induced adsorption 
of TGase by starch granules (2) also indicates the increased affinity between 
the enzyme and amylopolysaccharides. 


Materials and Methods 


Enzyme Source—The preparation of bovine TGase is given in the pre- 
vious article (2). In the earliest experiments, the prothrombin-TGase 


* This investigation was supported in part by the Research and Development 
Division, Office of the Surgeon General, Department of the Army, under contract 
No. DA-49-007-MD-647. A preliminary report of the findings was presented before 
the Sixth Annual Symposium on Blood at Detroit, Michigan, January 18, 1957. 
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mixtures were employed; chromatographically purified TGase was available 
for the later work. 

Substrates—Commercial potato amylose and maltose were purified 
further for use as substrates. Soluble starch was twice precipitated from 
aqueous solutions with ethanol and dissolved in 0.15 N saline. Maltose 
was adsorbed onto activated charcoal (Darco G-60), which was then 
washed thoroughly with water, and the maltose was eluted with 7.5 per 
cent ethanol. Both preparations were examined by paper chromatography. 
The amylose contained no low molecular weight-reducing sugars and the 
maltose none of the higher saccharide that contaminated the original 
sample. 

Glucose Oxidase—A crude commercial glucose oxidase (Sigma Chemical 
Company) was fractionated further by tannate precipitation and acetone 
fractionation according to Coulthard et al. (7). A 0.2 per cent solution 
in water was prepared as a stock solution for the manometric glucose 
determinations. 

Catalase—A 0.75 per cent stock solution of commercial horse liver 
catalase was prepared for the manometric glucose determinations. 

Reducing Power—Reducing sugars were determined with the carbonate- 
buffered copper reagent of Somogyi (8) by using the arsenomolybdate 
reagent of Nelson (9). The results were calculated in terms of glucose. 

Chromatography—Glucose, maltose, and oligosaccharides were chromato- 
graphed with the butanol-ethanol-water (3:2:1) and the butanol-pyridine- 
water (6:4:3) systems descending on Whatman No. 4 filter paper. The 
original stain employed for reducing sugars was aniline acid oxalate (10); 
the excellent diphenylamine reagent of Schwimmer and Bevenue (11) was 
used to identify oligosaccharides. 


EXPERIMENTAL 
Enzyme-Amylose Reaction 


Initial studies of the properties of the transglucosylase were concerned 
with its reaction with amylose. The pH, substrate concentration, type 
of anion and cation, calcium concentration, and enzyme concentration were 
varied. A 2.0 ml. reaction mixture was always prepared, and the total 
micromoles of reducing sugar in the mixture were assayed and expressed 
in terms of glucose. The controls included all the reagents, with the 
enzyme heat-denatured. 

pH—1 ml. of a 1 per cent amylose solution was mixed with 0.8 ml. of 
buffers of varying pH but of constant ionic strength (0.10) and constant 
chloride concentration (0.08 N), and with 0.2 ml. of a 1 per cent prothrombin 
solution known to contain the carbohydrase. Acetate buffers were em- 
ployed at pH 5.3 and 5.9, phosphate buffers at pH 6.3, 6.9, and 7.5, Veronal 
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buffers at pH 8.0 and 9.0, and glycine buffer at pH 10.3. All reagents were 
mixed in an ice bath, sampled, incubated at 37°, and sampled periodically. 
In the first experiments, aliquots were heated for 5 minutes in a boiling 
water bath to stop the enzymic reaction and then analyzed for reducing 
sugar. However, more consistent results were obtained by deproteinizing 
the aliquots with equivalent quantities of Ba(OH)2 and ZnSQ, (12). 
Reducing sugar was freed at a constant rate during the first 60 minutes 
of reaction (Fig. 1). Consequently, the enzymic activity was determined 
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Fic. 1. Curve A, constant rate of formation of glucose from amylose by the 
enzyme with no calcium present. Curve B, formation of reducing saccharides from 
amylose with the same enzyme plus calcium. Curve C, formation of glucose from 
maltose (different enzyme preparation). 


by measuring the rate of initial reducing sugar liberation. The pH 
optimum was 7.0 to 7.5 (Fig. 2). 

Type of Anion-—-When 0.1 N sodium phosphate, potassium phosphate, 
imidazole, or Veronal buffers of pH 7.0 were substituted in the preceding 
reaction mixtures, the rate of reducing sugar liberation was independent 
of the kind of buffer used. Subsequently, the bacteriostatic and non- 
chelating imidazole buffer at pH 7.2 was employed. 

Calcium Ion Concentration—The TGase reaction with amylose was 
enhanced by calcium ions. The optimal concentration of calcium chloride 
was determined. 1 ml. of 1 per cent amylose was added to 0.4 ml. of dis- 
tilled water, 0.2 ml. of imidazole buffer (pH 7.2), 0.2 ml. of calcium chloride 
solutions of varying concentrations, and 0.2 ml. of a 1 per cent TGase- 
prothrombin solution. After deproteinization of aliquots, but before 
determination of reducing sugars, equivalent amounts of potassium oxalate 
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were added, and the calcium oxalate was removed by centrifugation. The 
calcium level is optimal at 0.05 to 0.075 M, with a sharp inhibition above 
0.1 m (Fig. 2). 

Ionic Strength and Chloride Concentration—Reaction mixtures, as used 
in the preceding experiments, were adjusted with sodium chloride to study 
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Fic. 2. Effect of calcium chloride, amylose, and enzyme concentrations, and of 
pH on the rate of the TGase-amylose reaction. 


the effects of ionic strength and chloride concentration. No alteration in 
reaction velocity was demonstrable in the range 0.0 to 2.0 m NaCl. Thus, 
unlike serum amylase, the enzyme has no chloride requirement. The 
experiment also showed that the calcium optimum is not merely an ionic 
strength effect. 

Amylose Concentration— The initial amylose concentration was varied 
at optimal pH and calcium ion concentration by adding 1.0 ml. of each of 
the amylose solutions of varying concentration to 0.4 ml. of distilled 
water, 0.2 ml. of 0.5 M calcium chloride, 0.2 ml. of imidazole buffer (pH 7.2), 
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and 0.2 ml. of a 1 per cent TGase-prothrombin solution. The initial 
reaction velocity was maximal at amylose concentrations greater than 0.5 
per cent (Fig. 2). In all subsequent experiments a final amylose concentra- 
tion of 1 per cent was used. 

Enzyme Concentration—At optimal pH, calcium, and amylose concen- 
trations, the reaction velocity was directly proportional to the enzyme 
concentration with the use of both TGase-prothrombin mixtures (Fig. 2) 
and highly purified TGase (2). Consequently, by designation, a TGase 
unit (TG4™»!se) liberates 1 umole of glucose per hour in 2.0 ml. of a reaction 
mixture containing 1 per cent amylose and 0.05 m calcium chloride at 
pH 7.2. 


Enzyme-Maltose Reaction 


The TGase-maltose reaction was measured by procedures similar to 
those Monod and Torriani used for F#. coli amylomaltase (13). The 
method superimposes the glucose oxidase and catalase systems on the 
experimental reaction, with a subsequent manometric analysis of the glucose 
liberated during the transglucosylation process. All determinations were 
controlled by substituting heat-denatured TGase-prothrombin samples 
for the active enzyme or by omitting the enzyme. In several additional 
controls, prothrombin, a potential glucose source (14), failed to replace 
maltose as a glucose donor. Standard glucose determinations were carried 
out simultaneously in Warburg flasks containing the glucose oxidase system 
but no TGase or maltose. 

pH—To the main chambers of Warburg flasks were added 1.8 ml. of 
the buffers of varying pH, 0.1 ml. of 0.2 per cent glucose oxidase, 0.1 ml. 
of 0.75 per cent catalase, and 1.0 ml. of 5 per cent (0.146 mM) maltose. To 
the side arms was added 0.2 ml. of a 1 per cent solution of a TGase-pro- 
thrombin mixture. After equilibrium at 37°, the TGase was tipped in, 
and the rates of oxygen consumption were measured. Within 20 minutes 
the reactions achieved constant velocity and continued so for at least 50 
minutes (Fig. 1). The pH-activity curve (Fig. 3) shows an optimum at 
pH 6.0. This is probably the result of a low optimum for the glucose 
oxidase system (15) and a higher optimum for TGase, as demonstrated by 
its reaction with amylose. In subsequent experiments, 0.2 M acetate 
buffer, pH 6.0, was employed. 

Maltose Concentration—The influence of substrate concentration on the 
TGase-maltose reactions described in the previous experiment was studied 
at pH 6.0. When the initial maltose concentration was above 0.006 m, 
the velocity was maximal (Fig. 3). According to the Lineweaver-Burk 
plot (16), the Michaelis constant was 0.0022 mM maltose. In subsequent 
studies a final maltose concentration of 0.015 M was employed. When 
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the initial maltose concentration was increased to 0.20 M, a definite inhibi- 
tion was observed. 

Calcium Ion Concentration—The effect of calcium ion concentration on 
the TGase-maltose reaction was examined at pH 6.0 and 0.015 mM maltose. 
Calcium ion did not affect the controls, which included only the glucose 
oxidase-catalase system, nor did it appreciably alter the reaction velocities 
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Fic. 3. Effect of calcium chloride, maltose, and enzyme concentrations, and of 
pH on the rate of the TGase-maltose reaction. 


when TGase was added (Fig. 3). The different effects of calcium on the 
enzyme-maltose and enzyme-amylose reactions are discussed later. 

Enzyme Concentration—At pH 6.0 and in 0.015 m maltose, the reaction 
velocity was again directly related to the concentration of the enzyme 
source (Fig. 3). As with the substrate, amylose, the reaction velocities 
were directly related to the concentration of the purified enzyme which 
had been separated from prothrombin by ion exchange chromatography. 
The unit (TG™*!**) specified for the reaction under these conditions is 1 
umole of glucose produced per hour in the Warburg vessel. 

The enzyme dilution curves, with TGase-prothrombin mixtures (Fig. 3), 
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and chromatographically purified TGase did not pass through the origin. 
Perhaps the phenomenon is due to inhibition at a high substrate-enzyme 
ratio. Evidence for this lies in the inhibition described previously of the 
enzyme-maltose reaction in 0.2 M maltose. 


Mechanism of Enzyme Action 


Since the initial qualitative chromatographic identification of the 
glucosyl-transferring action of this enzyme (1), some quantitative analyses 
and identification of reaction products have been carried out. 

Glucose Oxidase Absent—A reaction mixture containing 2.0 ml. of 0.028 
m maltose (19.1 mg.), 1.2 ml. of distilled water, 0.4 ml. of 0.1 N imidazole 
buffer, and 0.4 ml. of an enzyme preparation containing 47 (Tar 
units was incubated for 4 hours at 37°. <A control included all reagents 
and the heat-denatured enzyme. During incubation, 0.1 ml. samples 
were withdrawn, diluted 100 times with distilled water, and plunged into 
a boiling water bath for 10 minutes. Aliquots from these dilute samples 
were analyzed for total reducing sugar with the anthrone reagent (17) and 
for reducing power with the Somogyi alkaline copper reagent (8). Glucose 
was used as the standard sugar for both colorimetric processes. ‘Total 
reducing sugar in the reaction mixture remained unchanged at 4.75 mg. 
per ml.; the copper reducing power was also unchanged at 2.4 mg. of glu- 
cose equivalents per ml. Paper chromatograms of the active mixture 
sprayed with the diphenylamine reagent showed a slate-colored spot with 
the R, of glucose. Maltose and three oligosaccharides stained purple, a 
characteristic of saccharides containing the C-4 at the reducing end in 
glucosyl linkage (11). Only maltose occurred in the controls. A linear 
relationship was found between the log of the distance traveled on paper 
by each successive saccharide above glucose and its increase in polymeriza- 
tion by a glucose residue. Such a relationship is believed to be a charac- 
teristic of homologous series of linear saccharides (18). 

The reaction products were separated by column chromatography 
according to the procedures of Whistler and Durso (19). A 1.8 X 5.7 em. 
charcoal Celite column (1:1) was washed first with 15 per cent ethanol 
and then with water. 2 ml. of the above reaction mixture (28.0 umoles 
of maltose) were placed on the column, washed in with 2 volumes of water, 
and developed with 140 ml. of distilled water. 5 ml. fractions were 
collected with an automatic device. The column was _ subsequently 
developed with 140 ml. of 3.5 per cent ethanol, 370 ml. of 7.5 per cent 
ethanol, and 150 ml. of 15 per cent ethanol. Fractions were measured for 
total reducing sugar by the anthrone method; 84 per cent of the total was 
recovered. 

Under these conditions, 8.0 umoles of glucose were eluted from the 
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column by water, 15.2 wmoles of maltose were eluted by 7.5 per cent ethanol, 
and 2.9 wmoles of an oligosaccharide were recovered in fractions by a 15 
per cent ethanol elution. No attempt was made to isolate the remaining 
materials which were probably the higher oligosaccharides. Since glucose 
and maltose are quantitatively recoverable from charcoal columns under 
the conditions mentioned above, 12.8 nmoles of maltose were consumed and 
8.0 umoles of glucose were produced in the volume of reaction mixture 
chromatographed (Table I). 

Each of the three fractions dried in vacuo was homogeneous by paper 
chromatography. /, values corresponded to glucose, maltose, and malto- 
triose (20). The reducing number of the trisaccharide, determined with 
alkaline copper reagent before and after acid hydrolysis, was 3.28. Maltose 


TABLE I 
Relationship between Substrate and Product during Transglucosylation 


| Maltose consumed 
Maltose consumed; total wmoles Glucose produced; total wmoles 


Glucose oxidase present 


4.8 | 3.2 | 1.50 
16.0 | 10.7 | 1.50 
19.2 11.0 1.75 
32.0 19.8 | 1.61 

(ilucose oxidase absent 


12.8 | 8.0 | 1.6 


gave a reducing value of 2.1. Digestion of the oligosaccharide with 
bacterial a-amylase (Nutritional Biochemicals Corporation) at 37° for 4 
hours produced maltose and glucose, as shown chromatographically. The 
oligosaccharide was resistant to hydrolysis by barley B-amylase (Nutritional 
Biochemicals Corporation), indicating again that the oligosaccharide is 
maltotriose. The TGase is now being used for the synthesis of larger 
quantities of end products in order to establish their detailed chemical 
and physical properties. 

Glucose Oxidase Present-—-Vhe TGase and glucose oxidase systems were 
allowed to proceed to completion with varying amounts of maltose, and 
the amount of maltose consumed was compared with the amount of glucose 
produced as determined by oxygen consumption (Table I). 

The high ratio of maltose Gonsumed to glucose produced (approximately 
1.6:1) indicates a primary reaction in which maltose is acceptor substrate 
as well as glucosyl donor in a érans-a(1 ,4)-glucosylation process. 


2 maltose -> 1 glucose + 1 maltotriose 
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In subsequent reactions, the maltotriose and higher oligosaccharides 
probably also serve as glucosyl acceptors. 

Maltose + (glucose), — glucose + (glucose), 41 
The reaction products of the TGase-maltose reaction, in either the presence 
or the absence of glucose oxidase, did not stain with iodine. 


Mechanism of Calcium Action 


In two test tubes, mixtures were prepared of 0.6 ml. of distilled water, 
0.3 ml. of 0.1 N imidazole buffer, 0.3 ml. of a TGase preparation containing 
52.5 (TG)#"¥!'ee units per ml., and 1.5 ml. of 2 per cent amylose solution. 
To one tube was added 0.3 ml. of 0.5 mM CaCl; an equal volume of water was 
added to the control tube. While incubating at 37°, samples (0.2 ml.) 
were withdrawn periodically and heated in boiling water, and 0.1 ml. 


TABLE II 
Effect of Different Cations on (TG)*™y!o% Reaction 


Salt (0.03 m) Glucose, wmoles Salt (9.03 m) Glucose, ymoles 


portions of each were analyzed for reducing sugar. The samples containing 
approximately equivalent reducing sugar concentrations (5 umoles per ml.) 
in terms of glucose were examined by paper chromatography. The 
control reaction required 140 minutes to produce 4.8 umoles per ml. of 
reducing sugar; the calcium-containing reaction produced 5.25 ymoles per 
ml. in 60 minutes. In the absence of calcium, glucose was the only reducing 
end product. A homologous series of compounds, including glucose, 
maltose, maltotriose, and higher oligosaccharides, was formed with calcium 
present. Consequently, calcium appears to alter the specificity of the 
enzyme for the terminal a(1 ,4)-glucosidic linkage. 

Effect of Cation Type on TGase-Amylose Reaction—A wide variety of 
cations was substituted for calcium in the analyses for the (TG)#™ylese 
activity of 0.1 ml. of the enzyme preparation used in the previous experi- 
ment. Each ion had a final concentration of 0.03 M. Strontium com- 
pletely replaced calcium; magnesium was considerably less effective. Most 
other ions tested were either inhibitory or had no effect (Table II). 
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DISCUSSION 


Although bovine plasma TGase has the same substrate specificity as 
the amylomaltase of FE. coli (13), there are points of difference. The most 
pronounced difference is in the amount of maltose required to produce a 
given quantity of glucose. The amylomaltase consumes 1 mole of maltose 
per mole of glucose liberated; the TGase requires considerably more, 
Products of the reaction between the bacterial enzyme and maltose, in the 
presence of glucose oxidase, stain violet to purple with iodine, which is 
not true of oligosaccharides synthesized by TGase. No study was made of 
the reversibility of the TGase reactions. Nevertheless, an interesting 
comparison is possible between the depolymerization, by amylomaltase, of 
the iodine-staining polysaccharide synthesized from maltose by that 
enzyme (13) and the degradation of amylose by TGase. The former 
enzyme converts its polysaccharide to maltose with traces of glucose 
absolutedly required. TGase, on the other hand, readily degrades the 
amylose chain to glucose, and, in the presence of calcium ion, to a series of 
amylosaccharides, only one of which is maltose. 

The calcium ion seems to broaden the specificity of the enzyme so that it 
labilizes bonds in the amylose chain other than terminal a(1 ,4)-linkages. 
The calcium-induced effect might be accomplished either by allowing 
random coupling of the enzyme at various sites on the amylose chain or by 
altering the coupling from the terminal to a penultimate bond with the 
release of maltose, followed by oligosaccharide synthesis from that com- 
pound. Quantitative measurements of the reactions of this enzyme with 
a series of linear a(1,4)-linked glucose oligosaccharides in the presence and 
absence of calcium should indicate the structural requirement of the 
substrate necessary for the calcium ion effect. 

It is difficult to draw comparisons between bovine plasma TGase and 
other blood carbohydrases because of the differences in species source 
from which the various preparations are made. Such differences could 
explain the following statements concerning TGase, serum amylase, and 
serum maltase. 

Ionic effects are a striking means for differentiating serum amylase of 
human origin and bovine plasma TGase. The well known chloride 
optimum for mammalian tissue amylases also holds for serum amylase, 
while calcium ion is without effect (14). The TGase-amylose reaction is 
marked by exactly the opposite effect from these two ions. On electro- 
phoresis, serum amylase is in the slow y-globulin fraction (21) while TGase 
is an a,-globulin (2). The predominant product of human serum amylase 
digestion of starch is probably maltose, although small amounts of glucose 
are also formed by this enzyme and by urinary amylase (22, 23). TGase 
produces either glucose or a series of amylodextrins, depending upon the 
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presence or absence of calcium ion. Possibly TGase may coexist with 
serum amylase in human plasma. In studying the starch granule ad- 
sorption of amylase from plasma, Brown (24) observed that approxi- 
mately 13 per cent of the total amylytic activity of plasma was refractory 
to both the first and to subsequent adsorptions, and indicated that this 
residual activity may be due to another substance. Since TGase is ad- 
sorbed by starch granules only in the presence of calcium ion (2), this 
enzyme may account for the unadsorbed serum amylytic activity. 

A comparison of bovine TGase and serum maltase is possible because of 
the recent studies of the latter enzyme by Lieberman and Eto (25). Both 
enzymes release glucose from glycogen and amylose. However, maltase 
is a true hydrolase, since maltose does not serve as a glucosyl acceptor 
as well as donor. Moreover, isomaltose is hydrolyzed by horse serum 
maltase but not by TGase (1). The two enzymes could well serve the 
same as yet unknown physiologic function and could possess slightly differ- 
ent substrate specificities due to minor structural differences. It is also 
conceivable that one bovine enzyme could function as both plasma amylase 
and maltase. 


SUMMARY 


Quantitative analytical methods were developed for analysis of bovine 
plasma trans-a-glucosylase (TGase) based upon its reaction optima. A 
(TG)2™ylose unit is described as a micromole of reducing sugar (expressed as 
glucose) produced per hour in 2.0 ml. of a reaction mixture containing the 
enzyme, 1 per cent of amylose, and 0.03 m of calcium chloride, all at pH 7.2 
and 37°. A (TG)m™#!tese unit is a micromole of glucose produced and oxi- 
dized per hour in 3.2 ml. of a reaction mixture containing the enzyme and 
0.015 m of maltose at pH 6.0, and measured in the Warburg apparatus at 
37°. Under these conditions the reaction velocities are directly related 
to the concentration of the enzyme. Non-chelating and non-phosphate 
buffers are prescribed for these reactions. 

Quantitative studies on the TGase-maltose reaction, both in the pres- 
ence and the absence of glucose oxidase, verify the observation through 
paper chromatography that a transglucosylation process is involved. 
One of the synthetic oligosaccharides isolated was tentatively identified 
as maltotriose. 

Calcium ion does not affect the TGase-maltose reaction but gives a 
sharp optimum in the amylytic reaction and alters the specificity of the 
enzyme. <A variety of oligosaccharides are produced from amylose in 
the presence of calcium, but only glucose is liberated in its absence. Stron- 
tium is the only divalent cation that can replace calcium in the quantitative 
analytical reaction. 
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PENTOSE FERMENTATION BY LACTOBACILLUS 
PLANTARUM* 


I. THE CLEAVAGE OF XYLULOSE 5-PHOSPHATE BY PHOSPHOKETOLASE 


By E. C. HEATH,t JERARD HURWITZ,f B. L. HORECKER, 
AND A. GINSBURG 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, September 11, 1957) 


The fermentation of pentoses by several species of Lactobacillus was 
described by Fred et al. (3) in 1921. They showed that both p-xylose 
and L-arabinose were converted quantitatively to equimolar mixtures 
of acetic and lactic acids and postulated that a cleavage to 2- and 3-carbon 
fragments was involved. This was supported by the isotope data of 
Lampen et al. (4), Rappoport et al. (5), and Bernstein (6) which established 
that the products were formed from pentose without mixing of the carbon 
atoms. Thus the methyl and carboxyl groups of acetate were shown 
to arise from C-1 and C-2, and the carboxyl, carbinol, and methyl groups 
of lactate to arise from C-3, C-4, and C-5 of the pentose, respectively 
(Reaction 1). 


CHO CH; 


(1) — > COOH 

CHOH CHOH 

CH,OH CH; 


In the fermentation of p-xylose the first steps are isomerization to D-xylu- 
lose and esterification to p-xylulose 5-phosphate (Reaction 2). Mitsuhashi 
and Lampen (7) prepared extracts from cells of Lactobacillus plantarum 
grown on D-xylose and found them to contain a xylose isomerase which 


* In a previous paper the strain used in these studies was referred to as Lacto- 
_ bacillus pentosus. However, the preferred name (1, 2) for this organism is Lacto- 
bacillus plantarum. 

t Research Fellow of the American Heart Association. Present address, Rackham 
Arthritis Research Unit, University of Michigan, Ann Arbor, Michigan. 

t Fellow in Cancer Research of the American Cancer Society. Present address, 
Department of Microbiology, Washington University School of Medicine, St. Louis, 
Missouri. 
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catalyzed the reversible formation of p-xylulose from p-xylose. A similar 
isomerase was reported by Hochster (8) and Slein (9) in extracts of xylose- 
grown cells of Pseudomonas hydrophila and Pasteurella pestis. Extracts 
of these organisms also contain a kinase which catalyzes the phosphoryla- 
tion of p-xylulose to yield a mixture of phosphate esters (10, 11) (see 


H.COH H,COH 
C=O 
(2) HOCH > HOCH 
xylulokinase 3-epimerase 
HCOH HCOH 
H.COH H:COPO;" 
p-Xylulose p-xylulose 5-phosphate 
H.COH 
HCOH >  HCOH 
phosphoriboisomerase 
HCOH HCOH 
H.COPO;" H.COPO;" 
p-ribulose : D-ribose 
5-phosphate 5-phosphate 


Reaction 2). This enzyme, p-xylulokinase, has been purified by Stumpf 
and Horecker (12) from extracts of xylose-grown L. plantarum. The 
enzyme preparations were specific for D-xylulose (12). Extracts of this 
organism were also found to contain phosphoketopentoepimerase (p-xylu- 
losephosphate 3-epimerase) and phosphoriboisomerase (12) (see Reaction 
2). More recently, Hurwitz and Horecker (13) have purified the 3-epim- 
erase of L. plantarum and employed this enzyme together with phos- 
phoriboisomerase for the preparation of p-xylulose 5-phosphate from D-ri- 
bose 5-phosphate. 

p-Xylulose 5-phosphate is also the key intermediate in the fermentation 
of other pentoses (14). p-Ribose is converted to this ester by the action 
of ribokinase (13), phosphoriboisomerase, and 3-epimerase. The forma- 
tion of p-xylulose 5-phosphate from L-arabinose involves a series of reac- 
tions including isomerization, phosphorylation, and epimerization at the 
4 position (see Scheme 1). These reactions are considered in the ac- 
companying publications (15-17). 

p-Xylulose 5-phosphate has been shown to undergo enzymatic cleavage 
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to yield acetyl phosphate and triose phosphate (18). The procedure for 
the purification of phosphoketolase from extracts of L. plantarum, to- 
gether with the properties of the enzyme and the reaction, form the sub- 
ject of the present communication. The name phosphoketolase is sug- 
gested for this enzyme since the over-all reaction results in a phosphorolytic 
cleavage of a ketol linkage (Reaction 3). 


CH; 
| 
H.COH 
thiamine 
hosphat 
+ HPO; acetyl phosphate + H20 
HCOH HC=0O 
H:COPO;7 
H:COPO;- 
p-Xylulose 5-phosphate glyceraldehyde 3-phosphate 


As a by-product of the purification procedure for phosphoketolase, a 
highly active preparation of pb-xylulose-5-phosphate 3-epimerase can be 
obtained, as described in a later section. 


Methods 


Materials—n-Ribulose 5-phosphate was prepared by the enzymatic 
oxidation of 6-phosphogluconate (19). p-Xylulose 5-phosphate was pre- 
pared from p-ribose 5-phosphate as previously described (13), except that 
the final product was precipitated and stored as the calcium salt, which 
was found to be more stable than the barium salt. Sedoheptulose 7-phos- 
phate was prepared from ribose 5-phosphate as previously described (20). 
Ribose-1-C" was kindly provided by Dr. H.S. Isbell of the National Bureau 
of Standards. This was converted to ribose 5-phosphate-1-C™ with 
bacterial ribokinase (21). 

DPN! was prepared by the method of Kornberg and Pricer (22) and 
DPNH by the method of Ohlmeyer (23). Acetyl phosphate was a gift of 
Dr. E. R. Stadtman of the National Heart Institute. Carboxyl-labeled 
acetyl phosphate was prepared from carboxyl-labeled acetic acid by the 
method of Avison (24). The following materials were obtained from com- 


1 These abbreviations have been used in this and the following papers from this 
laboratory. DPN, diphosphopyridine nucleotide; DPNH, dihydrodiphosphopyridine 
nucleotide; ADP and ATP, adenosine diphosphate and adenosine triphosphate; Pi, 
inorganic phosphate; ThPP, thiamine pyrophosphate. 


r 


1012 PHOSPHOKETOLASE 


mercial sources: thiamine pyrophosphate (Nutritional Biochemicals 
Corporation), ribose 5-phosphate and fructose 6-phosphate (Schwarz 
Laboratories, Inc.), ADP (Sigma Chemical Company), uniformly labeled 
C'*-hexose diphosphate (Nuclear Instrument and Chemical Corporation). 

Rabbit muscle was fractionated according to the procedure of Cori 
et al. (25) and Taylor et al. (26) to yield crystalline aldolase and crystalline 
glyceraldehyde-3-phosphate dehydrogenase. The fraction obtained by 
precipitation with ammonium sulfate between 52 and 70 per cent satura- 
tion contained a-glycerophosphate dehydrogenase, triosephosphate isom- 
erase, and some aldolase but was free of 3-epimerase. Acetokinase was 
prepared from extracts of Escherichia colt by the procedure of Rose et al. 
(27). Phosphoriboisomerase was purified from spinach by the method 
of Hurwitz et al. (28). 3-Epimerase was purified from extracts of ZL. 
plantarum according to Hurwitz and Horecker (13). It was also obtained 
as a by-product of the phosphoketolase preparation. 

Analytical Procedures—Pentose and pentose phosphate were measured 
by the method of Mejbaum (29), with a 40 minute heating period. Phos- 
phate was determined by the method of Fiske and Subbarow (30) and 
acetyl phosphate by a modification of the procedure of Lipmann and Tuttle 
(31). Protein was determined by the turbidimetric method of Biicher 
(32). Absorption measurements were carried out in a Beckman DU 
spectrophotometer. Radioactivity measurements were made with a 
windowless gas flow counter. Acethydroxamic acid was purified and 
chromatographed according to the procedure of Stadtman and Barker (33). 


Results 
Purification of Phosphoketolase 


Assay—F¥or the routine assay of phosphoketolase, the amount of triose 
phosphate formed was measured spectrophotometrically with DPNH and 
glycerophosphate dehydrogenase (34) as shown in Fig. 1. The substrate 
was ribose 5-phosphate, and an excess of phosphoriboisomerase and 3- 
epimerase was added to convert this to xylulose 5-phosphate. A unit of 
phosphoketolase was defined as the quantity which would be required to 
give an optical density change of 1.0 at wave length 340 my (equivalent 
to 0.16 umole of triose phosphate). The reaction velocity was proportional 
to enzyme concentration with either ribose 5- casio or xylulose 5-phos- 
phate as substrate (Fig. 1). 

When it was necessary to determine acetyl phosphate, the reaction 
was terminated by the addition of hydroxylamine rather than by heating. 
In the heated aliquots acetate formed by the decomposition of acety!] 
phosphate was determined with acetokinase (27). 
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Preparation of Cell-Free Eatracts—L. plantarum, strain 124-2 (ATCC 
8041), was grown as previously described (12) with | per cent pentose 
(p-xylose or L-arabinose) and 0.1 per cent glucose. The carbohydrates 
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Fic. 1. Reaction rate and enzyme concentration. The incubation mixture con- 
tained 3 wmoles of ribose 5-phosphate, 10 wmoles of potassium phosphate buffer, pH 
6.0, 1 umole of MgCl:, 3 umoles of glutathione, 0.05 umole of thiamine pyrophosphate, 
6 y of phosphoriboisomerase, 5 y of epimerase, 100 y of Fractions 52 to 70 of rabbit 
muscle, and appropriate dilutions of phosphoketolase (see Table IV) in a total vol- 
ume of 0.3 ml. The complete system except phosphoketolase was incubated at 38° 
for 5 minutes in order to form the equilibrium mixture containing ribose 5-phosphate, 
ribulose 5-phosphate, and xylulose 5-phosphate. Phosphoketolase was then added, 
and incubation was continued for 15 minutes at 38°. The reaction was terminated 
by heating in a boiling water bath for 1 minute. In this assay, the rabbit muscle 
fraction, containing aldolase and triosephosphate isomerase, was added to convert 
the triose phosphate to fructose 1,6-diphosphate, which is more stable to heat under 
these conditions. After cooling, an aliquot of the incubation mixture was removed 
and assayed for fructose 1,6-diphosphate with aldolase and glycerophosphate de- 
hydrogenase. With xylulose 5-phosphate as substrate phosphoriboisomerase and 
3-epimerase were omitted. The requirement for these enzymes with ribose 5-phos- 
phate as substrate is shown in Table IT. 


were autoclaved separately as a 50 per cent solution and added aseptically 
to sterile media. The stock strain of the organism was maintained in 
stab culture by frequent transfer in the above medium (1 per cent xylose + 
0.1 per cent glucose) with 2 per cent agar. Large scale culture of the 
organism was carried out by subculturing three to five times in liquid 
medium from the stock cultures, and the final subculture (100 ml.) was 
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used to inoculate 3 liters of growth medium. The cells were harvested 
after 24 hours at 37°, washed, and stored as previously described (12). 
The yield was approximately 1.5 gm. of cell paste per liter of growth 
medium. Cell-free extracts were prepared by disrupting the cells in a 
mechanical shaker (35). For this purpose, 2 to 3 gm. batches of cell 
paste were thawed and suspended in 8 ml. of cold water and shaken with 
8 gm. of fine glass beads? at 2° for 3 second periods with cooling in ice in 
between. The pooled suspensions were centrifuged at 25,000 X g for 
10 minutes, and the residue was washed with about 4 ml. of water and 
discarded. The supernatant solution and washings were combined (“Crude 
extract,” Table I). 

Manganese Fraction—700 ml. of crude extract, obtained from approxi- 
mately 50 gm. of cell paste, were treated with 0.05 volume of 1 M MnCh, 


TABLE I 
Purification of Phosphoketolase 


Step Total units* Specific activity 


units per mg. 


35,700 4.1 
37, 300 IS 
Acetone fraction I................. 16,300 64 
Ammonium sulfate................. 6,900 IS] 


* Under the standard assay conditions as defined in the text. 


allowed to stand at 0° for 30 minutes, and centrifuged at 25,000 xX g for 
10 minutes. The heavy precipitate was discarded (“Mnt+ fraction,” 
690 ml.). 

Acetone Fraction—The clear yellow supernatant solution (690 ml.), 
containing 3 mg. of protein per ml., was treated with 17.3 ml. of 2 M ace- 
tate buffer, pH 5.0 (final acetate concentration = 0.05 mM), and 0.69 ml. 
of mercaptoethanol (Eastman). To the mixture were added 177 ml. of 
cold acetone (— 10°) to a final concentration of 20 per cent (v/v). During 
the addition, which required about 2 minutes, the temperature was brought 
to —5° by cooling in a freezing mixture. The suspension was centrifuged 
at 1600 X g for 5 minutes at —10°. The bulky precipitate was suspended 
in about 80 ml. of water, and the insoluble residue was removed by centri- 
fugation at 25,000 X g for 10 minutes. A second acetone fraction was 
obtained by the addition of 177 ml. of acetone in the same way to the first 


2 Superbrite, type 133. Minneapolis Mining and Manufacturing Company, St. 
Paul, Minnesota. 
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supernatant solution. The precipitate was dissolved in 80 ml. of water 
and centrifuged to remove insoluble material (88 ml.). The acetone 
fractions were precipitated with ammonium sulfate as follows: The first 
fraction (83 ml.) was treated with 24.1 gm. of ammonium sulfate and kept 
for 20 minutes at 0°. The precipitate, if any, was removed by centrifuga- 
tion, and an additional 15.3 gm. of ammonium sulfate were added. After 
20 minutes at 0° the precipitate was collected and dissolved in 10 ml. 
of water (‘‘Acetone fraction I,” 11.5 ml.). The second acetone fraction 
(88 ml.) was treated with 38.4 gm. of ammonium sulfate and centrifuged, 
and the precipitate was dissolved in 8.0 ml. of water (‘‘Acetone fraction 
Il’). This was stored at —16° until needed for the preparation of p-xylu- 
lose-5-phosphate 3-epimerase. 

Ethanol Fraction—Acetone fraction I (11.2 ml.) was dialyzed overnight 
at 2° against 350 ml. of flowing 0.1 mM acetate, pH 5.0, containing 0.014 
mM 2-mercaptoethanol. The dialyzed solution (12.0 ml.) was diluted with 
41 ml. of 0.1 M acetate, pH 5.0, to a final protein content of 4.0 mg. per 
ml. The solution was then cooled in a freezing bath and treated with 5.9 
ml. of cold absolute ethanol. The ethanol addition required about 1 
minute, and the temperature at the end of the addition was —3°. The 
solution was centrifuged immediately for 1 minute in the Servall SS-1 
centrifuge, and the precipitate was dissolved in 5.0 ml. of 0.05 m succinate 
buffer, pH 6.0. Two more fractions were taken in the same way by the 
addition of 2.0 and 3.0 ml. of ethanol, respectively. After assay, Fractions 
1 and 2, which contained nearly all of theactivity, were combined (‘‘Ethanol 
fraction,’”’ 10.8 ml.). 

Ammonium Sulfate—The ethanol fraction (10.5 ml.) was treated with 
12.8 ml. of cold saturated ammonium sulfate solution. The precipitate 
was collected by centrifugation, and the supernatant solution was treated 
with 1.42 gm. of ammonium sulfate. <A third fraction was collected in 
the same way following the addition of 1.47 gm. of ammonium sulfate. 
Each fraction was dissolved in 1.0 ml. of 0.05 m succinate buffer, pH 6.0. 
The last two fractions which contained the activity were combined (‘“Am- 
monium sulfate,” 2.5 ml.). 

Stability of Phosphoketolase Preparations—The crude extract was fre- 
quently kept overnight at 2°, with little loss in activity. The ammonium 
sulfate fractions were relatively stable when stored in the frozen state 
at —16°. The enzyme preparations were not stable at other stages of 
purification. 


Purification of 3-E'pimerase 


Assay—The preparations obtained by further purification of acetone 
fraction II (Table II) were somewhat less purified than those previously 
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described (13). However, the procedure is simple and yields a stable 
and highly active product. Previous methods for the assay of this enzyme 
were based on the determination of alkali-stable pentose (13) or the use 
of highly purified transketolase (36). A more convenient assay has now 


TABLE II 
Purification of p-Xylulose-6-Phosphate 3-Epimerase 
Step Total units* Specific activity 
pmoles per 15 min. unils per mg. 

Mn** suspension................... 19.3f 
Acetone fraction II................ 105,000 101 
Ammonium sulfate II.............. 63, 000 1190 


* The reaction mixture (0.30 ml.) contained 25 wmoles of succinate buffer, pH 6.0, 
5.0 umoles of MgCl., 3.0 umoles of glutathione, 1.0 umole of ADP, 0.75 y of phospho- 
riboisomerase, 0.06 mg. of phosphoketolase, 0.01 mg. of acetokinase, 3.5 wmoles of 
ribose 5-phosphate, and 1.0 ymole of orthophosphate-P*, containing about 5000 to 
10,000 c.p.m. The reaction was begun by the addition of substrate and after 15 min- 
utes at 37° was stopped by dilution with 5 ml. of 2.5 per cent cold HClO,y. The 
adenine nucleotides were then adsorbed on charcoal (Darco, Atlas Powder Com- 
pany), added as 0.2 ml. of a 10 per cent suspension. This was washed, collected on a 
sintered glass planchet, and counted. The values were corrected for counts in a 
blank determination without 3 epimerase. 

¢ From analyses made during the course of a single preparation. The remaining 
values are for the pooled sample. 


been developed in which the following reactions (Reactions 4 through 7) 
are employed: 


: phosphoriboisomerase 
(4) p-Ribose 5-phosphate = * p-ribulose 5-phosphate 


3-epimerase 
(5) p-Ribulose 5-phosphate < > p-xylulose 5-phosphate 


p.2 phosphoketolase 


(6)  p-Xylulose 5-phosphate + acetyl phosphate-P* 


+ triose phosphate 


acetokinase 
(7) Acetyl phosphate-P*? + ADP - > ATP®? + acetate 


All enzymes were added in excess except 3-epimerase, and the amount 
of ATP* formed was measured by counting the nucleotide fraction after 
adsorption on charcoal (37). A unit of enzyme was defined as the quantity 
required to produce | umole of ATP® under the assay conditions. 
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Purification Procedure-- Stored acetone fractions from a number of 
phosphoketolase runs were pooled (‘‘Acetone fraction II,’’ 72 ml.). The 
ammonium sulfate saturation was 0.18, by conductivity measurement. 
This solution was heated for 3 minutes in a bath at 70° to bring the tem- 
perature to 65°. It was then transferred to a bath at 65°, kept there for 
5 minutes, cooled, and centrifuged. The precipitate was washed with a 
small quantity of water, and the supernatant solution and washing were 
combined (‘‘Heated fraction,” 74 ml.). This solution, now 0.14 saturated 
with respect to ammonium sulfate, was fractionated with ammonium sul- 
fate by the successive addition of 32 ml. of cold saturated ammonium sul- 
fate solution, 12.5, 6.6, and 6.9 gm. of ammonium sulfate. Each of the 
four fractions was dissolved in 2 ml. of water and tested separately. The 
second fraction, containing nearly all of the activity, was retained and 
stored at —10° (‘Ammonium sulfate IT,”’ 2.3 ml.). 


Properties of Phosphoketolase 


U‘ltracentrifugal Analysis—-In the ultracentrifuge the final ammonium 
sulfate fractions usually showed at least three peaks, including a major 
component which sedimented more rapidly than the others and contained 
the enzymatic activity. This fast component (s2,, = 24.2) was separated | 
from the others in the preparative Spinco model L ultracentrifuge, by 
using the swinging bucket rotor (No. SW39L). The specifie activity was 
thus raised from 105 to 180 units per mg. to 300 to 370 units per mg., 
with recoveries of activity of 60 to 70 per cent. In this procedure, a steep 
sucrose gradient was produced by layering 0.5 ml. of a 25 per cent sucrose 
solution onto 2.6 ml. of a 50 per cent solution, and then 0.9 ml. of ammonium 
sulfate fraction (19 mg. per ml., specific activity = 180 units per mg.) 
was placed on top. The tube was centrifuged at 33,500 r.p.m. for 180 
minutes, and three fractions (0.30 ml., 0.93 ml. and 1.40 ml.) were re- 
moved with a fine capillary siphon. In this run the second fraction con- 
tuined 41 per cent of the initial activity with specific activity of 119 units 
per mg., and the third fraction contained 60 per cent of the initial activity 
with specific activity of 310 units per mg. This third fraction was dialyzed 
and analyzed in the ultracentrifuge. In Fig. 2, A a typical run with the 
ammonium sulfate fraction is compared with a fraction analyzed following 
further purification in the Spinco: model L ultracentrifuge (Fig. 2, B). 
Assuming the 24.3 S component to be homogeneous with respect to size 
and spherical in shape, the minimal molecular weight is about 550,000. 

Substrate Specificity——Of a number of substrates tested, only p-xylulose 
5-phosphate has been found to react with phosphoketolase. With p-ribu- 
lose 5-phosphate and p-ribose 5-phosphate activity was obtained when 
the appropriate enzymes necessary to convert these to p-xylulose 5-phos- 
phate were added; with p-ribulose 5-phosphate the addition of 3-epimerase 
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140 UNITS/MG. 310 UNITS/MG 


bow 724.2 = 24.3 
Stow "16.6 Ssow 16.8 


Fic. 2. Ultracentrifuge patterns of phosphoketolase preparations. The schlieren 
patterns in A and B were obtained after 24 minutes at 59,780 r.p.m. by using a con- 
ventional 12 mm. cell and phase plate angles of 55° and 40°, respectively. Ultracen- 
trifugal analvses were made immediately after dialysis at 2° for 18 hours against 
0.5 M succinate buffer, pH 6.0, containing 0.014 M 2-mereaptoethanol. The pattern 
in A was obtained with a pooled ammonium sulfate fraction which had been stored 
at —16° (protein content = 9.5 mg. per ml.). The pattern in B was obtained with ma- 
terial recovered from the 50 per cent sucrose region of the swinging bucket tube after 
centrifugation in the Spinco model L ultracentrifuge (protein content = 2.3 mg. per 
ml.). For calculation of the corrected sedimentation coefficients the partial specific 
volume was assumed to be equal to 0.73 ml. per gm. 


TaB_e III 
Substrate Specificity of Phosphoketolase 


Additions Substrate Triose phosphate 


ormed 
| pmole per 

Complete svstem* p Xylulose 5-phosphate 0.27 

p-Ribose 5-phosphate 0.00 

3-epimerase p-Ribulose 5-phosphate 0.22 

isomerase (1) p-Ribose 5-phosphate 0.05 


* The complete assay svstem was that deseribed in the legend to Fig. 1, except 
that 3-epimerase and phosphoriboisomerase were added only where indicated. 


Was sufficient, while with b-ribose 5-phosphate both phosphoriboisomerase 
and 3-epimerase were necessary (Table II]). No activity was observed 
with fructose 6-phosphate or sedoheptulose 7-phosphate (see below) or with 
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t-ribulose 5-phosphate (17). The effect of p-xylulose 5-phosphate con- 
centration is shown in Fig. 3. From the Lineweaver-Burk (38) plot 
K, was calculated to be 8.3 XK 107-4 M. 

Effect of pH—The reaction rate is very sensitive to pH, with maximal 
velocity at pH 6.0. Little activity is observed above 7.0 (lig. 4). 

Other Requirements —Both thiamine pyrophosphate and _ inorganic 
phosphate are essential (Table IV). The requirement for thiamine pyro- 
phosphate appeared early in the purification procedure, and no special 
treatment was required to remove this coenzyme. The dissociation con- 
stant calculated from the Lineweaver-Burk plot was about 2.1 K 10-®°M 


2 4 6 7 8 9 
D-XYLULOSE 5-PHOSPHATE CONCENTRATION (S) xX 10> 
Kia. 3. Effect of the concentration of p-xylulose 5-phosphate on the reaction rate 
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(Fig. 5). This value is about 10 times smaller than that obtained for 
spinach transketolase (20), yet the latter enzyme is not so readily obtained 
free of thiamine pyrophosphate. 

Inorganic phosphate was effective at fairly low concentrations, with 
K, calculated to be about 10-* m (Fig. 6). With arsenate the rate of 
triose phosphate formation was about equal to that observed in the presence 
of phosphate (Table IV); however, the other reaction product was acetate 
rather than acetyl phosphate. It is of interest that with arsenate, too, 
the Michaelis-Menten relation is followed, and the A, for this substance 
was found to be about 2.6 X 10-3 m (Fig. 7), not very different from that 
for inorganic phosphate. The fact that saturating levels of arsenate 
can be reached suggests that this substance, like phosphate, forms a com- 
plex with the enzyme. With P*-labeled inorganic phosphate the acetyl 
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phosphate isolated after completion of the reaction was found to have 
the same specific activity as the inorganic phosphate. No label was found 
in the triose phosphate formed. 


0.06 


0.05 F 


0.04 F 


0.03 F 


0.02 F 


TRIOSE PHOSPHATE, MICROMOLES /15 MIN. 


3.0 6.0 7.0 8.0 


pH 
Fic. 4. Effect of pH on reaction velocity. The components of the reaction mix- 
ture were as described in the legend to Fig. 1. Phosphate buffer, 0.03 m, was used 
throughout. 


TaBLeE IV 
Phosphoketolase Requirements 
Additions Triose phosphate 
umole per ml. 


* As described in the legend to Fig. 1. The enzyme preparation was an acetone 
fraction, heated to 50° for 30 minutes and dialyzed against 10-3 m acetate, pH 4.5, 
without mercaptoethanol. 


The stimulation obtained with Mg++ was variable and seldom more 
than 2- to 3-fold. Similar effects were obtained with Mn++ and Cat. 
Mn* was strongly inhibitory at concentrations greater than 107% M 
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With some preparations SH compounds were required, but this was not 
observed with enzyme preparations obtained by the usual procedure which 
included dialysis against mercaptoethanol. With such enzyme prepara- 
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THIAMINE PYROPHOSPHATE, MOLES / LITER X 10°(s) 


Fig. 5. The reaction velocity as a function of the thiamine pyrophosphate con 
centration. Assay conditions as in the legend to Fig. 1. 
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INORGANIC PHOSPHATE, MOLES /LITER X 10°(S) 


Fig. 6. The effect of phosphate concentration on the reaction rate. Assay con. 
ditions as in the legend to Fig. 1. 
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tions, however, p-chloromercuribenzoate at 10-4 m inhibited the enzyme 
activity by 80 per cent, suggesting that sulfhydryl groups were essential 
for enzymatic activity. Sequestering agents such as ethylenediaminetet- 
raacetate were without effect. 

Attempts to Reverse Phosphoketolase Reaction—In the presence of an 
excess of inorganic phosphate the reaction goes readily to completion and 
can be employed for the analysis of p-xylulose 5-phosphate. The details 
of this procedure are included in Paper IV (17). Efforts to demonstrate 
the reverse reaction, the formation of pentose phosphate from acetyl 
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Fic. 7. The effect of arsenate concentration on the reaction rate. Assay condi- 
tions as in the legend to Fig. 1. 


phosphate and triose phosphate, were negative. Neither C'*-labeled 
acetyl phosphate nor triose phosphate was incorporated into pentose 
phosphate when these were incubated in the presence of the enzyme (Table 
V). Furthermore, the enzyme did not catalyze an exchange reaction 
between acetyl phosphate and inorganic phosphate or an arsenolysis 
of acetyl phosphate, even though arsenate will replace phosphate in the 
forward reaction (Table IV). 

Absence of Transketolase in Phosphoketolase Preparattons—Since trans- 
ketolase catalyzes a similar cleavage of p-xylulose 5-phosphate (36), the 
possibility arose that this enzyme was present in the phosphoketolase 
preparations. However, tests for transketolase were negative in crude 
extracts as well as in purified enzyme preparations. It has previously 
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been reported (12) that extracts obtained from cells of L. plantarum grown 
on p-xylose contain transketolase; however, this conclusion was based 
on the formation of triose phosphate from pentose phosphate. It is 


TABLE V 
Non-Reversibility of Phosphoketolase Reaction 


Substrates*® incubated zumoles C.p.m. Final radioactivity 
c.p.m. 
1 Orthophosphate-P* 10 25,000 
Acetyl phosphate 10 360 
2 ‘¢  phosphate-C™ 10 X 105 
Pentose phosphate 15 430 
3 Triose phosphate-Cf Trace 105 9000 
p-Xylulose 5-phosphate 4.3 180 


* Experiment 1—The reaction mixture (0.3 ml.) also contained 1 umole of Mg**, 
3umoles of glutathione, 0.05 umole of thiamine pyrophosphate, and 20 units of phos- 
phoketolase. The pH was 6.0. After 30 minutes at 38° the reaction mixture was 
diluted to 1.0 ml. and adjusted to pH 8.8 by the addition of m Na2CO;. Inorganic 
phosphate was precipitated by the addition of 2.5 ml. of 3.3 per cent CaCl. (anhy- 
drous) in 33 per cent ethanol. The solution was centrifuged, and the supernatant 
solution was treated successively with 0.02 ml. of 0.6 m NasHPO, and 2.5 ml. of etha- 
nolic CaCl, and centrifuged. This addition of carrier phosphate and precipitation 
were repeated once again, and the final supernatant solution was counted. A control 
tube lacking enzyme yielded 300 c.p.m. in the acetyl phosphate fraction. 

Experiment 2—The reaction mixture (0.55 ml.) contained the same quantities of 
Mg*t*, glutathione, and thiamine pyrophosphate as in Experiment 1, together with 
15 umoles of ribose 5-phosphate, 6 y of phosphoriboisomerase, 5 y of 3-epimerase, and 
4 units of phosphoketolase. The pH was 6.0. After 30 minutes at 38° the reaction 
mixture was distilled with steam (100 volumes of distillate were collected). The 
residue from the distillate, containing pentose phosphate, was concentrated and 
counted. In a control experiment without phosphoketolase 660 c.p.m. were ob- 
tained. 

Experiment 3—The reaction mixture (0.5 ml.) contained MgCl, glutathione, and 
thiamine pyrophosphate as above, 55 units of phosphoketolase, 50 y of crystalline 
muscle aldolase, and 5 wymoles of succinate buffer, pH 6.0. As the source of labeled 
triose phosphate, a trace quantity of fructose 1,6-diphosphate-C™ was added. After 
2 hours at 25° the pH was adjusted to 4.5 with 5 N acetic acid, and the phosphate 
esters were hydrolyzed with potato phosphatase (90 units, sufficient to hydrolyze 90 
umoles of ribose 5-phosphate in 1 hour) for 2 hours at 38°. The solutions were lyo- 
philized, and the free sugars were extracted into 1.0 ml. of 5 per cent acetic acid-95 
per cent ethanol. The extracts were evaporated to 0.2 ml., and 0.10 ml. aliquots 
were chromatographed on Whatman No. 1 paper, with 80 per cent acetone as the 
solvent. The fructose and pentose areas, located by marker spots, were cut into 
strips and counted without elution. The counts are recorded without correction for 
adsorption by the paper. In a similar experiment with transketolase instead of 
phosphoketolase the fructose and pentose areas contained 7000 and 2000 c.p.m., 
respectively. 

t Generated from fructose 1,6-diphosphate and aldolase. 
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now clear that these results were due to the presence of phosphoketolase 
and not transketolase. If transketolase is measured by the formation 
of sedoheptulose phosphate, then no activity is detected in extracts ob- 
tained from either glucose-grown or xylose-grown cells. 

Proof that transketolase does not participate in the phosphoketolase 
reaction is derived from experiments with p-fructose 6-phosphate and 
sedoheptulose 7-phosphate. These substrates, as well as p-xylulose 5-phos- 
phate, are known to be “active glycolaldehyde” donors (36, 39), but of 
these only p-xylulose 5-phosphate was found to yield acetyl phosphate 
when incubated with phosphoketolase (Table VI). The presence of 
transketolase in the phosphoketolase preparation was excluded by the 


TaBLE VI 
Absence of Transketolase in Phosphoketolase Preparations* 
Substrate Acetyl phosphate formed 

pmoles 
p-Fructose 6-phosphate. . 0.00 
Sedoheptulose 7- phosphate transketolase.. 1.21 
p-Fructose 6-phosphate + transketolase..................... 0.88 


* The reaction mixtures contained 5 wmoles of p-xylulose 5-phosphate, p-fructose 
6-phosphate, or sedoheptulose 7-phosphate as indicated. Other components were 
20 zmoles of succinate buffer, pH 6.0, 5 umoles of fructose 1,6-diphosphate, and 0.015 
mg. of crystalline aldolase as a source of triose phosphate, 8 units of purified phos- 
phoketolase, and water to a total volume of 0.3 ml. 4 units of spinach transketolase 
(20) were added where indicated. After incubation at 38° for 30 minutes, acetyl 
phosphate was determined by the procedure of Lipmann and Tuttle (31). 


fact that neither p-fructose 6-phosphate (Reaction 8) nor sedoheptulose 
7-phosphate was converted to p-xylulose 5-phosphate (36), although fruc- 
tose diphosphate and aldolase were present as a source of triose phosphate. 


| 
HCOH 
HOCH | 
(8) HCOH + CHO CHO HOCH 
HCOH HCOH = shone + HCOH 
H,COPO;- H:COPO;-  HCOH H,COPO,~ 
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Under the conditions of these experiments with p-glyceraldehyde 3-phos- 
phate formed from fructose diphosphate and aldolase, transketolase would 
catalyze the formation of b-xylulose 5-phosphate (Reaction 8) which 
would then give rise to acetyl phosphate. This occurred only when puri- 
fied spinach transketolase was added, in addition to phosphoketolase. 


TaBLeE VII 
Acetate Formation in L. plantarum Extracts 
Acetyl phosphate formed 
ADP 
Determined directly Determined as acetate after heating 

pmoles umole pmole 

0 0.65 0.77 

5 0.04 0.63 


The system (0.3 ml.) contained 6 umoles of ribose 5-phosphate, 10 wmoles of phos- 
phate buffer, pH 6.0, 1 umole of MgClo, 3 wmoles of glutathione, 0.025 pmole of thi- 
amine pyrophosphate, 6 y of phosphoriboisomerase, 5 y of 3-epimerase, 0.02 ml. of 
L. plantarum extract (0.3 mg. of protein) without or with 5 ymoles of ADP as indi- 
cated. After 15 minutes at 38°, acetyl phosphate was determined directly by the 
method of Lipmann and Tuttle (31). Identical reaction mixtures were heated at 
100° for 1 minute and cooled, and acetate was determined by the method of Rose et 
al, (27). 


TaBLeE VIII 
Phosphoketolase and Acetokinase in Extracts of Cells Grown on Various Sugars 
Growth on Phosphoketolase* Acetokinaset 

pmoles per pmoles per 
3.6 107 


* Assays as described in the legend to Fig. 1. 
+t Assayed according to Rose et al. (27). 
t Caleulated for extract derived from 1 gm. of wet cells. 


Acetokinase 


When ADP was added, together with pentose phosphate, to crude 
extracts of p-xylose-grown cells, acetate was formed instead of the usual 
product, acetyl phosphate (Table VII). This indicates the presence of 
acetokinase. This enzyme was found in cells grown on glucose and ga- 
lactose (Table VIII), as well as in those obtained by growth on pentoses. 
Phosphoketolase, on the other hand, was far less active in cells grown on 
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the hexoses and appears to be an inducible enzyme. The small amount 
of phosphoketolase present in glucose or galactose cells may be attributed 
to the presence of pentose in the complex growth medium. 


DISCUSSION 


The reaction catalyzed by phosphoketolase is an example of a new type 
of energy-yielding reaction in carbohydrate metabolism. It has been 
reported to occur in Aerobacter aerogenes*® and other microorganisms. In 
Leuconostoc mesenteroides‘ it accounts for the formation of ethanol and 
lactate from hexose. Schramm and Racker (40) have recently described 
the formation of acety] phosphate from fructose 6-phosphate with prepara- 
tions from Acetobacter xylinum. Pentose phosphate was also found to 
yield acetyl phosphate with their preparations, and it will be of interest 
to determine whether the same enzyme utilizes both substrates. 

Thiamine pyrophosphate is involved in many aspects of intermediary 
metabolism and serves as the coenzyme for several types of carbohydrate 
cleavage reactions, in addition to the well known decarboxylation mech- 
anisms. The detailed mechanism of action of this coenzyme is, however, 
as yet unknown. Breslow (41) has recently demonstrated a formal re- 
semblance of thiazolium salts to cyanide ion, suggesting the possibility 
of condensation with carbonyl groups. Such studies with highly purified 
phosphoketolase are now in progress. 

The lack of reversibility at any stage in the reaction imposes certain 
restrictions on the reaction mechanism. Thus it is unlikely that triose 
phosphate is split off by a reverse ketol condensation, or that an acetyl 
enzyme (or coenzyme) intermediate is formed, since neither triose phosphate 
nor acetyl phosphate is incorporated into the pentose molecule. The 
fact that arsenate can replace phosphate in the cleavage reaction but does 
not cause the “‘arsenolysis”’ of acetyl phosphate must be taken into account 
in consideration of a reaction mechanism. 

Assuming the free energy change in the ketol cleavage to be small, it 
can be calculated from free energy of formation data (42) that the free 
energy change from glycolaldehyde to acetic acid is about —25 kilocalories. 
If the free energy of hydrolysis of acetyl phosphate is about —12 kilo- 
calories, then the phosphoketolase reaction would yield about —13 kilo- 
calories. This value is consistent with the observed lack of reversibility 
of the over-all phosphoketolase reaction, although it does not exclude 
exchange reactions. 

The reactions catalyzed by phosphoketolase and acetokinase provide a 
mechanism for the production of useful energy from the fermentation of 


3 M. Kritchevsky and W. A. Wood, personal communication. 
4 J. Hurwitz, personal communication. 
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pentose. On the basis of the results reported previously (12) and in the 
present series of papers, Scheme 1 can be written as shown. 

From the work of Fred et al. (3) it would appear that the fermentation 
is utilized primarily for the production of energy, since all of the carbon 
atoms of pentose are accounted for as acetic and lactic acids. In this 
fermentation 1 equivalent of ATP is consumed, and 3 equivalents of ATP 
are produced. The net yield, 2 equivalents of ATP per mole of sugar 
fermented, is the same as that derived from the fermentation of hexoses 
by this organism. 

The authors are greatly indebted to Dr. E. R. Stadtman of the National 
Heart Institute for assistance in the identification of acetyl phosphate 
and to Dr. R. W. Nystrom of the University of Illinois for generous help 
and advice in the synthesis of C'*-acetyl phosphate. 


SUMMARY 


1. A thiamine pyrophosphate-dependent enzyme (which catalyzes the 
phosphorolytic cleavage of p-xylulose 5-phosphate to form acetyl phos- 
phate and triose phosphate) has been purified from extracts of Lacto- 
bacillus plantarum. The enzyme has been named _phosphoketolase. 
p-Xylulose-5-phosphate 3-epimerase is obtained as a by-product of the 
purification procedure. 

2. Phosphoketolase is specific for p-xylulose 5-phosphate. Other phos- 
phate esters are utilized only following their conversion to p-xylulose 5- 
phosphate. 

3. The reaction is irreversible, and p-xylulose 5-phosphate is converted 
quantitatively to acetyl phosphate and triose phosphate. This forms 
the basis for a specific assay method for p-xylulose 5-phosphate. 

4. Both thiamine pyrophosphate and inorganic phosphate are required. 
Arsenate will replace phosphate, but in this case acetic acid is formed 
rather than acetyl phosphate. Arsenate does not catalyze the decomposi- 
tion of acetyl phosphate by the enzyme. 

5. Phosphoketolase is distinct from transketolase, which does not partic- 
ipate in the formation of acetyl phosphate. 

6. Crude extracts of L. plantarum contain acetokinase which is also 
present in glucose- or galactose-grown cells. Growth on pentose results 
in a 4- to 5-fold increase in the level of phosphoketolase in the bacterial 
extracts compared with glucose-grown cells. 

7. A scheme is presented for pentose fermentation in L. plantarum. 
By this mechanism 2 equivalents of adenosine triphosphate are formed per 
mole of pentose utilized. 
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PENTOSE FERMENTATION BY LACTOBACILLUS PLANTARUM 


II. -ARABINOSE ISOMERASE 


By E. C. HEATH,* B. L. HORECKER, P. Z. SMYRNIOTIS, 
anp YASUYUKI TAKAGIt 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, September 11, 1957) 


The first event in the fermentation of L-arabinose by Lactobacillus 
plantarum is isomerization to L-ribulose (see Scheme 1 of Paper I) (1). 


(1) L-Arabinose = L-ribulose 


The enzyme, L-arabinose isomerase, was first demonstrated by Lampen 
(2) in extracts of cells grown on L-arabinose. It has now been purified 
from such extracts and shown to be highly specific for these sugars. At 
equilibrium the ratio of L-arabinose to L-ribulose is about 9:1. Since 
L-ribulose is the only ketopentose to react, the enzyme provides a specific 
and sensitive method for the determination of this sugar in complex mix- 
tures. 


Methods 


Materials—t-Arabinose was kindly provided by Dr. N. K. Richtmyer 
of this Institute and was also obtained from commercial sources. L-Ribu- 
lose and pb-ribulose were prepared as described (3, 4). bD-Xylulose was 
provided by Dr. J. Hurwitz and L-xylulose by Dr. G. Ashwell. 

Analytical Methods—Pentose was measured by the method of Mejbaum 
(5) with L-arabinose as the standard and a 40 minute heating period. For 
ketopentoses a correction factor of 1.8 was employed, since these yield 
less color than the aldopentoses (6). Ketoses were also determined by 
the cysteine-carbazole color test of Dische and Borenfreund (7). In the 
case of ribulose, color development was complete after 15 minutes at room 
temperature, although with xylulose 2 hours were required for full color 
development (8). Polarimetric measurements were made with a Rudolph 
photoelectric polarimeter, model 200, with semimicrotubes having a light 
path of 1 dm. 


* Research Fellow of the American Heart Association. Present address, Rackham 
Arthritis Research Unit, University of Michigan, Ann Arbor, Michigan. 

t Fellow of the Jane Coffin Childs Memorial Fund for Medical Research. Present 
address, Department of Biochemistry, Osaka University Medical School, Osaka, 
Japan. 
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Purification of t-Arabinose Isomerase 


Assay—The assay procedure was based on the appearance of keto- 
pentose, measured with the cysteine-carbazole test, with L-arabinose as 
substrate. The reaction mixture (1.0 ml.) contained 10 uwmoles of L-arab- 
inose, 45 wmoles of tris(hydroxymethyl)aminomethane (Tris) buffer, pH 
7.5, and suitable dilutions of enzyme in 0.1 m Tris buffer. After incuba- 
tion for 10 minutes at 23°, the entire reaction mixture was used for the 
determination of L-ribulose by the cysteine-carbazole test. A control mix- 
ture without enzyme was included in each set of determinations. Read- 
ings of both control and enzyme tubes were made at 540 mu on the Cole- 
man junior spectrophotometer 15 to 20 minutes after addition of the 


T 
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FORMED IN IO MINUTES 


fe) 20 40 60 80 
MICROGRAMS OF PROTEIN 
Fia. 1. Rate of ketopentose formation as a function of the isomerase concentra- 
tion. The assay conditions are giveninthe text. The enzyme was a crude sonic ex- 
tract (specific activity = 1.5). 


4MOLES OF KETOPENTOSE 


cysteine-carbazole test reagents. A unit of enzyme was defined as the 
amount required to produce 1 umole of L-ribulose under the conditions of 
the assay. L-Ribulose o-nitrophenylhydrazone was used directly as the 
standard for the cysteine-carbazole reaction. The rate of ketopentose 
formation is proportional to enzyme concentration below 0.1 ymole of 
ketopentose formed in 10 minutes (Fig. 1). 

Purification Procedure—This is summarized in Table I. The cells were 
grown as previously described (1) and harvested at 2° with a Sharples 
supercentrifuge. The cells were washed with 0.02 m NaHCO; and then 
collected by centrifugation in the Servall SS-1 centrifuge, and the pellets 
were stored at —16°. For sonic disintegration, 6.0 gm. of cells were 
suspended in 60 ml. of 0.05 m phosphate buffer, pH 7.5. The suspension 
was treated in the 10 ke. Raytheon sonicator for 15 minute periods, during 
which time the temperature rose to 7°. The treatment was interrupted 
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for several minutes to permit cooling to 2°. The total time was 90 min- 
utes. The mixture was centrifuged, and the residue was discarded (“Sonic 
extract,’? 59 ml.). 

The extract was treated with 17.1 gm. of ammonium sulfate and cen- 
trifuged, and the precipitate was discarded. A second precipitate, formed 
by the addition of 7.4 gm. of ammonium sulfate to the supernatant solu. 
tion, was also discarded. Finally the supernatant solution was treated 
with 10.7 gm. of ammonium sulfate, and the precipitate was collected 
and dissolved in 5.0 ml. of 0.05 m Tris buffer, pH 7.5 (‘““Ammonium sulfate 
fraction,” 9.3 ml.). 

The ammonium sulfate fraction was diluted with 84.0 ml. of 0.05 m 
Tris buffer, pH 7.5, to bring the protein content to 1.4 mg. per ml., and 
fractionated with acetone. During the first acetone addition (46 ml.), 
which required 4 minutes, the mixture was cooled in a freezing bath to a 


TABLE I 
Purification of t-Arabinose Isomerase 


Fraction Units Specific activity* 


pmoles per mg. per 10 min. 


Ammonium sulfate fraction............. 1710 14.6 
Acetone 1200 29.1 
Thawed acetone fraction................ 945 43.5 


* The assay conditions were as described in the text. 


final temperature of —10°. The precipitate was removed by centrif- 
ugation for 2 minutes in the International size 2 centrifuge, and the su- 
pernatant solution was treated with 19 ml. of acetone, again with cooling 
to —10°. A final fraction was collected in the same way by the addition 
of 18.0 ml. of acetone. The precipitates were dissolved in 4.0 ml. of Tris 
buffer, pH 7.5. The activity was usually confined to the last fraction 
(“Acetone fraction,” 4.5 ml.). When this was stored overnight at — 16° 
and thawed, an inactive precipitate formed which was centrifuged and 
discarded (‘“‘Thawed acetone fraction,” 3.5 ml.). These preparations can 
be left frozen for months with no further precipitation and little loss of 
activity. 


Properties of Enzyme 


Effect of pH—-The rate of formation of L-ribulose from L-arabinose was 
relatively independent of pH between 6.5 and 9.0. At pH 5.0 the rate 
was about one-third that observed at pH 7.0. 
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Substrate Specificity and A ffinity—The only ketopentose active with the 
‘isomerase preparations was L-ribulose. Among the aldopentoses tested 
only L-arabinose was found to give rise to ketose when incubated with the 


TaBLeE II 

Specificity of L-Arabinose Isomerase* 

Aldopentose Optical densityt (540 my) 


* This experiment was performed by Dr. D. P. Burma. 

t The assay conditions were as described in the text. The purified enzyme (9 y 
with specific activity = 40) was used. With 0.02 umole of ribulose the optical den- 
sity at 540 my is 0.114. 


2:9 0.5 0.15 
= => 
> 0.04 
U U 
0.03 LS 0.3 _lo.10 
> > 
Zz 0.02 1.0 Z 02 
0.01 0.5 Q 0.1 0.05 > 
uJ ~~ uJ 
0 2 4 6 8 0 2 4 6 
L-ARABINOSE, L-RIBULOSE, Mx (S) 


Fig. 2. The effect of substrate concentration on the reaction velocity. With 
L-arabinose as substrate the assay conditions were as described in the text, with 
6.9 y of enzyme (specific activity = 40). For the experiment with L-ribulose as 
substrate the reaction mixtures (1.0 ml.) contained 50 wmoles of Tris buffer, pH 7.5, 
137 y of enzyme, and substrate as indicated. Aliquots (0.01 to 0.25 ml.) were taken 
for assay by the cysteine-carbazole procedure. The reaction velocity is expressed 
as micromoles of ketopentose formed or utilized in 10 minutes. 


enzyme (Table II). With the ketopentoses, p-xylulose, L-xylulose, or 
p-ribulose, no loss of cysteine-carbazole color was observed on incubation 
with the enzyme (9). On the other hand, t-ribulose was rapidly converted 
to an equilibrium mixture which contained only a fraction of the original 
ketose. No reaction was observed with aldo- or ketohexose. 
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The affinity of the enzyme for L-arabinose or L-ribulose was rather low. 
The K,, calculated from the Lineweaver-Burk plot (10) (Fig. 2) was 2.8 < 
10-2 m for L-arabinose and 1.8 X 10-2 m for L-ribulose. However, with 
sufficient isomerase present, the reaction proceeds rapidly to equilibrium 
even when the initial pentose concentration is about 3 X 1073 M. 


Reaction Products 


Equilibrium—The equilibrium between L-arabinose and _ .-ribulose was 
measured polarimetrically as well as with the cysteine-carbazole reaction. 
The results obtained with the cysteine-carbazole method are shown in 


100 
80 
a 
60 With L-Ribulose 
lid 
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a 207 
With L- Arabinose 


MINUTES 
Fig. 3. Equilibrium measurements at 30° with L-ribulose and L-arabinose as sub- 
strates. Each reaction mixture contained 2.86 uymoles of pentose, 100 umoles of tri- 
ethanolamine buffer, pH 7.0, and 15 y of isomerase (acetone fraction) in a total vol- 
ume of 1.0 ml. Aliquots (0.02 to 0.05 ml.) were taken as shown and analyzed for 
ketopentose by the cysteine-carbazole method. 


Fig. 3. At 38° the final mixture contained 14 per cent of the total pentose 
as ketopentose, and the same equilibrium mixture was obtained starting 
with either L-ribulose or L-arabinose. In identical experiments at 25° and 
53° the equilibrium ketopentose content was 10 and 16 per cent, respec- 
tively. 

In the polarimetric experiment with L-arabinose the final rotation was 
+94.3°, although with L-ribulose the equilibrium value was [a]? 
+96.3°. From the published values for L-arabinose (11) (fal) +104.5°) 
and for t-ribulose (4) (fal? +16°), it was calculated that the L-ribulose 
content was 12 and 9 per cent, respectively. These values are in ex- 
cellent agreement with those derived from the cysteine-carbazole deter- 
minations and indicate that the final reaction mixture contains no signif- 
icant quantities of sugars other than L-arabinose and 1-ribulose. This 
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was confirmed by descending paper chromatography with phenol-water as 


the developing solvent. Equilibrium mixtures formed by the action of the — 
enzyme from either L-arabinose or L-ribulose showed two spots, an intense | 
spot corresponding to arabinose and a faint spot corresponding to ribulose, | 
which was, however, readily detected with the orcinol-trichloroacetic acid | 
spray reagent. No other sugars could be detected on the paper chro- © 


matograms. 


DISCUSSION 


The isomerization of aldopentoses to ketopentoses is frequently en- — 


countered in bacterial systems. It has been observed with p-xylose in 
L. plantarum (12), as well as in Pseudomonas hydrophila (13), and was also 
found to occur in the metabolism of b-arabinose in Escherichia coli (14). 
In these organisms it is the ketose form of the sugar which becomes ester- 
ified. An important exception is p-ribose which is phosphorylated directly 
and then converted to p-ribulose 5-phosphate. 

In general at equilibrium the aldopentose form predominates. With 
L-arabinose isomerase at 23° the equilibrium mixture contains 10 per cent 
of t-ribulose and 90 per cent of L-arabinose. This is to be compared with 
15 per cent of ketose and 85 per cent of aldose observed by Cohen (14) 
for the equilibrium between b-ribulose and p-arabinose. In the case of 
p-xylose isomerase the equilibrium mixture has been reported to contain 
from 13 to 18 per cent of p-xylulose (12, 15, 16). These equilibria are also 
similar to those encountered with the phosphate esters of aldoses and 
ketoses. 


SUMMARY 


L-Arabinose isomerase has been prepared from extracts of Lactobacillus | 


plantarum. The enzyme catalyzes the reversible reaction L-arabinose = 
L-ribulose. At equilibrium about 90 per cent of the total pentose is present 
as L-arabinose. 

The enzyme is specific for L-arabinose and t-ribulose; no other sugars 
have been found to react. 
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PENTOSE FERMENTATION BY LACTOBACILLUS PLAN TARUM 


Ill. RIBULOKINASI 
By D. P. BURMA* anp B. L. HORECKER 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, September 11, 1957) 


The isomerization of L-arabinose to t-ribulose, the first step in the 
fermentation of L-arabinose in Lactobacillus plantarum (see Scheme 1 of 
Paper 1), was the subject of Paper II (1). Extracts of cells obtained by 
growth on L-arabinose also contain a very active ribulokinase (2), which 
converts L-ribulose to L-ribulose 5-phosphate. A similar observation has 
been made by Simpson and Wood (3) with extracts of Aerobacter aerogenes. 
t-Ribulose phosphate has now been shown to be an intermediate in the 
fermentation of L-arabinose in L. plantarum (2). In this paper the purifica- 
tion of ribulokinase and the isolation of L-ribulose 5-phosphate will be 
described. Since the enzyme is active with both the p and 1 isomers, it 
will be referred to simply as ribulokinase. 


Methods 


Materials—The following substances were obtained from commercial 
sources: crystalline sodium ATP! (Sigma Chemical Company), glutathione 
(Nutritional Biochemicals Corporation), and lactic dehydrogenase (Worth- 
ington Biochemical Corporation). ‘The commercial lactic dehydrogenase 
preparation contains phosphoenolpyruvate kinase activity. Superbrite 
glass beads (type 133) were obtained from the Minnesota Mining and 
Manufacturing Corporation. These were washed successively with 5 per 
cent HCl and water and dried in air. 

DPNH was prepared by the method of Ohlmeyer (4). Phosphoenol- 
pyruvate was kindly provided by Mr. W. E. Pricer, Jr., of this laboratory. 
Phosphoglycolaldehyde was prepared from a-glycerophosphate by oxidation 
with periodate according to Fleury et al. (5). Fructose 1-phosphate was a 
synthetic product (6) kindly provided by Dr. R. W. McGilvery of the 
University of Wisconsin. L-Ribulose and p-ribulose were prepared as 


* Fellow of the Jane Coffin Childs Memorial Fund for Medical Research, on leave 
from the Bose Research Institute, Calcutta, India. Present address, Bose Research 
Institute, Calcutta, India. 

‘The following abbreviations are used: ATP, adenosine triphosphate; DPNH, 
dihydrodiphosphopyridine nucleotide; ADP, adenosine diphosphate; Tris, tris(hy- 
droxymethy!)aminomethane. 
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previously described (7, 8). b-Xylulose and L-xylulose were gifts of Dr. 
Gilbert Ashwell of this laboratory. 

L-Arabinose isomerase was purified as described in Paper II (1). Myo- 
kinase was prepared by the method of Colowick and Kalckar (9). Potato 
acid phosphatase was purified by the method of Kornberg.” 

Analytical Procedures—Pentose determinations were carried out as 
described in Paper II (1). Phosphate was determined by the method of 
Fiske and Subbarow (10) and protein by the method of Biicher (11). 
ADP was measured by the method of Kornberg and Pricer (12). Chro- 
matography of the phosphate esters was carried out on Dowex | formate 
columns (10 per cent cross-linked). Paper chromatography was carried 
out with Whatman No. | filter paper and phenol-water as the developing 
solvent (13). 


Purification of Ribulokinase 


Assay—Ribulokinase activity was measured by determining the rate of 
ADP formation from ATP. In this test L-ribulose was generated from 
L-arabinose with an excess of L-arabinose isomerase. Incubation was at 
37° for 15 minutes. The reaction mixture (0.16 ml.) contained 1 umole 
of L-arabinose, 8 uwmoles of Tris buffer, pH 7.0, 1 umole of MgClo, 2.5 
umoles of NaF, 3 umoles of glutathione, 2.5 umoles of ATP, 2 units of 
L-arabinose isomerase (60 y of protein), and suitable amounts of ribulo- 
kinase. In each case a control was run without L-arabinose to correct for 
ATPase activity. The reaction was stopped by heating in a boiling water 
bath for 1 minute, after which the solutions were cooled in ice and the 
coagulated protein was removed by centrifugation. Aliquots (0.01 ml.) 
were assayed for ADP in 1 ml. cuvettes containing 10 umoles of phosphate 
buffer (pH 7.5), 5 umoles of MgCl, 0.25 umole of phosphoenolpyruvate, 
0.17 mg. of crystalline lactic dehydrogenase, 0.01 mg. of myokinase, and 
0.1 umole of DPNH. The decrease in optical density at 340 my, corrected 
for the decrease observed in the control cuvette, was measured and cal- 
culated as micromoles of ADP. A unit of enzyme was defined as the quan- 
tity required to yield 1 umole of ADP under the test conditions. 

Growth of Cells—L. plantarum, strain 124-2 (ATCC 8041), was grown as 
previously described (14). The cells were harvested at 2° with a Sharples 
centrifuge, washed once with 0.02 m NaHCOQO;, and stored at —10° as a 
thick paste. The frozen paste was stored for months with little loss in 
kinase activity. 

Preparation of Cell-Free Extracts—This and subsequent procedures were 
carried out in a cold room at 2°. 3 gm. batches of packed cells were placed 


2 Prepared by an unpublished procedure of Dr. A. Kornberg. 
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in the Nossal cartridge (15) together with 8 gm. of glass beads, 8 ml. of 
0.1 mM triethanolamine buffer, pH 7.5, and 0.8 ml. of 0.3 m glutathione. 
Each batch was shaken for three 30 second periods with cooling in ice 
between shakings. 

The combined extract from 21 gm. of packed cells was centrifuged in a 
Servall SS-1 centrifuge, and the residue was extracted twice with 14 ml. 
quantities of 0.1 M triethanolamine buffer, pH 7.5 (‘‘Crude extract,”’ 
91 ml.). 

Ammonium Sulfate Fractionation—The extract was treated with 4.55 
ml. (0.05 volume) of 1 m MnCl, and kept at 0° for 30 minutes, and the 
precipitate was removed by centrifugation. The supernatant solution 
(90 ml.) was treated with 170 ml. of saturated ammonium sulfate solution 
(2°) to bring the solution to 65 per cent saturation. The precipitate was 
collected by centrifugation and dissolved in 20 ml. of 0.05 m Tris buffer, 
pH 7.5, and 2.0 ml. of 0.3 m glutathione were added. The supernatant 
solution was treated with 7.2 gm. of solid ammonium sulfate, and the pre- 
cipitate was collected and dissolved in 10 ml. of 0.05 m Tris buffer, pH 7.5, 
plus 1.0 ml. of 0.3 m glutathione. The two ammonium sulfate fractions 
were assayed separately and combined when necessary. Usually the first 
fraction contained the bulk of the activity (“‘Ammonium sulfate I,” 46 ml.). 

Calcium Phosphate Gel Adsorption—Pilot tests with small volumes were 
always carried out to determine the quantity of gel required for complete 
adsorption. Ina typical experiment ammonium sulfate I was diluted with 
132 ml. of 0.05 m Tris buffer, pH 7.5, and 616 ml. of calcium phosphate gel 
(16) (6 mg. per ml.) were added. The solutions were mixed well and cen- 
trifuged, and the supernatant solution was discarded. The gel was eluted 
twice with 174 ml. portions of 0.1 mM phosphate buffer, pH 6.0. The com- 
bined eluates (365 ml.) were immediately treated with 160 gm. of ammo- 
nium sulfate. The precipitate was collected by centrifugation and dis- 
solved in 6 ml. of 0.05 m Tris buffer, pH 7.0, and 0.6 ml. of 0.3 m glutathione 
was added (‘‘Calcium phosphate gel eluate,” 8 ml.). 

Aluminum Hydroxide Gel Adsorption—Again pilot runs with small vol- 
umes were carried out to determine the quantity of gel required for adsorp- 
tion. 8 ml. of calcium phosphate eluate were diluted with 16.0 ml. of 
cold water, and 60 ml. of aluminum hydroxide Cy gel (17) (12.7 mg. per 
ml.) were added. The gel was collected by centrifugation and extracted 
twice with 24 ml. portions of 0.1 mM phosphate buffer, pH 6.0. 

The combined eluates (50 ml.) were treated immediately with 22 gm. 
of ammonium sulfate. The precipitate was collected by centrifugation 
and dissolved in 1 ml. of 0.05 m Tris buffer, pH 7. To the solution 0.1 
ml. of 0.3 mM glutathione was added (‘‘Aluminum hydroxide gel eluate,”’ 
1.1 ml.). 
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The purification thus obtained was 80- to 100-fold (Table I). The final — 


product was free of interfering enzymes, especially L-ribulosephosphate 
4-epimerase (3, 18), and was used for the preparation of tL-ribulose 5- 
phosphate. The final enzyme preparation was stable and could be stored 
in the deep freeze for several months with little or no loss in activity. In 
the dilute eluates the enzyme was highly unstable, and these were concen- 
trated at once by ammonium sulfate precipitation. The addition of gluta- 
thione was essential to stabilize the activity during storage. With these 
precautions concentrated solutions of the enzyme could be stored for several 
days at any point in the procedure. The activity was found to be unstable 
below pH 6.0. 


TABLE I 
Purification of Ribulokinase 


Fraction Units Specific activity 


pmoles per mg. per 15 min. 


Ammonium sulfate I... 1800 6.5 
Calcium phosphate gel eluate............ 1260 35.0 


* Obtained from 21 gm. of packed cells. 


Properties of L-Ribulokinase 


Effect of pH—The phosphorylation reaction proceeds at maximal velocity 
at pH 7 (Fig. 1), with a considerable decrease in rate at higher or lower pH 
values. Instability of the enzyme below pH 6 and above pH 7.5 may be 
responsible for this sharp decrease. 

Substrate Specificity and Effect of Substrate Concentration—Crude enzyme 
preparations, which contained L-arabinose isomerase (1), were active with 
both L-arabinose and t-ribulose. With the purified kinase preparations, 
L-arabinose was utilized only if L-arabinose isomerase was added (Tig. 2). 
With t-ribulose, on the other hand, the effect of isomerase was to decrease 
the reaction rate, since the concentration of substrate was reduced up to 
10-fold by the action of this enzyme (1) and became limiting under the 
conditions of these experiments. 

L-Ribulokinase preparations showed negligible activity with b- or L- 
xylulose (2) and other aldopentoses. However, p-ribulose was effectively 
utilized by crude or purified preparations. Under the standard test con- 
ditions in the crude extracts the activity with the p isomer was about one- 
fourth of that with L-ribulose, and this ratio remained essentially constant 
throughout the purification procedure (Table IT). 
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Fic. 1. Variation of ribulokinase activity with pH. The assay conditions were 
as described in the text, except that the substrate was L-ribulose and arabinose iso- 
merase was omitted, the buffer being varied as indicated. 34-7 of enzyme (ammonium 
sulfate I) were used. 

Fic. 2. Activity of ribulokinase with L-arabinose and t-ribulose. Each reac- 
tion was carried out at 37° in a total volume of 1.05 ml. containing 57 uwmoles of Tris 
buffer (pH 7.0), 6 umoles of L-arabinose or L-ribulose, 6 umoles of MgCl2, 15 wmoles of 
NaF, 18 umoles of glutathione, 15 umoles of ATP, 12 units of L-arabinose isomerase 
(1), as indicated, and 0.3 mg. of ribulokinase (ammonium sulfate I). 0.2 ml. aliquots 
were removed at the points shown and heated in a boiling water bath for 1 minute. 
ADP was assayed as described in the text. A and A represent experiments with 
L-ribulose with and without isomerase, respectively. O and @ represent experi- 
‘ments with L-arabinose with and without isomerase, respectively. 


TaBLE II 
Ratio of Activity with L- and p-Ribulose 


wmole of ADP formed in 
15 min.* 


Fraction Amount of protein 
With t-ribulose With p-ribulose 
Ammonium sulfate I.................... 34.0 0.32 0.08 
Calcium phosphate gel eluate............ 5.5 0.33 0.08 


* The standard assay procedure was employed, except that L-arabinose isomerase 
was omitted and 1 wmole of the indicated substrate was used for each experiment. 
When saturating levels of these substrates were employed, the activity with L-ribu- 
lose was twice that observed with pv-ribulose. 
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With L-ribulose as the substrate K, calculated from the Lineweaver- 
Burk plot (19) was 2.8 K 10-* m (Fig. 3). The affinity of the enzyme for 
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Fic. 3. The effect of L-ribulose concentration on the reaction velocity. The | 


standard assay conditions were used, except that L-ribulose was the substrate and 
L-arabinose isomerase was omitted. The enzyme was 5 7 of a calcium phosphate gel 
eluate. 
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Fic. 4. The effect of p-ribulose concentration on the reaction velocity. The 
conditions were as in Fig. 3 with p-ribulose instead of L-ribulose. 20 y of a calcium 
phosphate gel eluate were employed as enzyme. 


p-ribulose was somewhat less, with K, calculated to be about 6.2 K 107% 
M (Fig. 4). When saturating levels of p-ribulose were employed, the maxi- 
mal velocity was about one-half of that with the L isomer (see Table ITI). 


ne 


( 
\ 
t 
| 


D. P. BURMA AND B. L. HORECKER 1045 


The constant ratio of activities with L- and p-ribulose at all stages of 
purification suggested that a single enzyme catalyzed the phosphorylation 
of both substrates. Further evidence that a single enzyme was involved 
was obtained from competition exp. : nents (Table III). In the presence 
of nearly saturating concentration: .f both substrates added together the 
reaction rate was intermediate between those observed with either sub- 
strate alone. 

Effect of ATP and Mg** Concentration—The K, for ATP was calculated 
to be 2.1 K 10-* m (Fig. 5). The A, for Mgt* was calculated to be 1.3 
10-3 m (Fig. 6). No significant inhibition was obtained either with excess 
ATP or excess Mgt*. 

Effect of Glutathione—As pointed out previously in the description of the 
purification procedure, the addition of glutathione was essential to retain 


TaBLeE III 
Competition between and L-Ribulose for Ribulokinase 
Substrate 
ADP formed* 
L-Ribulose p-Ribulose 
mM X 108 mM X 108 pmole 
6.3 0 0.37 
6.3 9.4 0.27 
0 9.4 0.19 


* The standard assay conditions were used, except that no L-arabinose isomerase 
was added and the substrates were added to give the final concentration shown. 
5 y of ribulokinase (calcium phosphate gel eluate) were added. 


the activity of the enzyme during storage. However, added glutathione 
had no effect on the reaction catalyzed by the kinase, nor would it reacti- 
vate enzymes inactivated during storage without glutathione. That the 
kinase is a sulfhydryl enzyme was suggested by the observation that 10~4 
M p-chloromercuribenzoate added in the absence of glutathione gave nearly 
complete inhibition. 

Stoichiometry of Reaction—In the presence of excess ATP the reaction con- 
tinued until 1 equivalent of ADP was formed for each mole of L-ribulose 
added (Fig. 7). Similar stoichiometry has been obtained with p-ribulose. 
Thus the enzyme can be used for assay of either L-ribulose or b-ribulose 
in the absence of the other isomer. 


Isolation of t-Ribulose Phosphate 


For the preparation of L-ribulose phosphate the reaction was carried out 
at 37° in a total volume of 30 ml. containing 200 umoles of L-ribulose, 500 
umoles of ATP, 1600 umoles of Tris buffer, pH 7.0, 200 umoles of MgCl., 
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500 umoles of NaF, 600 ymoles of glutathione, and 1.4 mg. of enzyme (cal- 
cium phosphate gel eluate). After 20 minutes 190 umoles of ADP were 
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Fic. 5. The effect of ATP concentration on the reaction velocity. The standard 
assay conditions were used with L-ribulose instead of L-arabinose and without 
L-arabinose isomerase. 5 y of ribulokinase (calcium phosphate gel eluate) were 


added. 
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Fic. 6. The effect of Mgt* concentration on the reaction velocity. The substrate 
and enzyme concentrations were as in Fig. 5. 


formed. The reaction mixture was chilled and passed through a Dowex 
1 formate column (2.6 em.2 X 16em.). Gradient elution (20) was carried 
out with a mixture of 0.5 N formic acid and 0.2 nN sodium formate. The 
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mixing chamber contained 1 liter of water, and the rate of flow was about 
1 ml. per minute. 20 ml. fractions were collected and assayed by the 
orcinol method. Ribulose phosphate appeared in Fractions 36 to 42 which 
were pooled and adjusted to pH 6.5 with 5 ml. of 5n KOH. The solution 
(155 ml.) was treated with 1 ml. of 1 M barium acetate, followed by 620 
ml. of cold ethanol added slowly with mechanical stirring. The suspension 
was kept at 0° for 1 hour, and the precipitate was collected by centrifuga- 
tion, washed with 80 per cent ethanol, and dried in vacuo over KOH. The 
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Fig. 7. Stoichiometry of reaction. The reaction was carried out at 37° in a total 
volume of 0.6 ml. containing 4.5 wmoles of L-ribulose, 12 wumoles of ATP, 4 uwmoles of 
MgCle, 10 umoles of NaF, 12 umoles of glutathione, 32 umoles of Tris buffer (pH 7.0), 
and 70 y of ribulokinase (ammonium sulfate I). 0.1 ml. aliquots were removed at 
the intervals shown and heated for 1 minute in a boiling water bath. Coagulated 
protein was removed by centrifugation, and the ADP formed was assayed as described 
in the text. 


final product weighed 50 mg. and contained 120 ywmoles of Ba L-ribulose 
phosphate. It contained 4 ymoles of Ba3(PO,4) 


Properties of Kinase Reaction Product 


Analysis—An aliquot (20 mg.) of the barium salt of the phosphate ester 
was dissolved in 2.0 ml. of 0.02 m acetic acid and converted to the potas- 
sium salt with a slight excess of K2SO,. BaSQO, was removed by centrifuga- 
tion. The ratio of organic phosphorus to pentose was 0.91 (Table IV). 

Identification of Pentose—The phosphose ester was hydrolyzed with 
potato acid phosphatase (see Fig. 8), and the pentose moiety was identified 
as ribulose by paper chromatography and by the cysteine-carbazole color 
test. Paper chromatography with phenol-water as the developing solvent 
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showed a single spot having the same FR, as an authentic sample of ribulose; 


no trace of xylulose or other sugar was detected. With the trichloroacetic 
acid-orcinol spray reagent (22) the spot showed the pink color characteristic 


TABLE IV 
Ratio of Orcinol Pentose and Periodate Consumed to Organic Phosphorus* 
Compound orcinot | | | Acid bite phosphate 
L-Ribulose phosphate................ 1.10 1.90 0.91 0.47 (1.04) 
Fructose 1-phosphate................ 3.12 0.88 0.005 (0.01) 
Glucose 6-phosphate................. 3.70 0.01 0.41 (0.90) 


1 equivalent of organic phosphate was used in each experiment. 

* The conditions used for the periodate determination have been described pre- 
viously (21). Glycerol was used as the standard for both periodate consumption 
and formaldehyde production. Acid-labile phosphate was measured after 10 min- 
utes at 100° in 1 N H2SO,. The figures are expressed in equivalents per organic 
phosphorus. The values in parentheses represent equivalents as phosphoglycolal- 
dehyde; this substance was found to be hydrolyzed to the extent of 45 per cent un- 
der the above conditions. 
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Fic. 8. Reaction of the pentose in the cysteine-carbazole test. Each reaction 
was carried out at 23° as described previously (1) with 0.06 umole of ketopentose. 
Color intensity was measured at 540 my in the Coleman junior spectrophotometer. 
The enzymatic product was that obtained from L-ribulose phosphate by hydrolysis 
with potato acid phosphatase. 


of ribulose. In the cysteine-carbazole color test the rate of color develop- 
ment was identical with that given by an authentic sample of ribulose 
(Fig. 8). As shown by Ashwell and Hickman (23), this test serves to dis- 


tinguish between xylulose and ribulose. 
Finally, ribulose was shown to be present exclusively as the L isomer by 
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its reaction with L-arabinose isomerase. As shown in Paper II (1) this 
enzyme is specific for L-ribulose and converts this sugar to an equilibrium 
mixture which contains about 90 per cent of the total pentose as L-arabi- 
nose. When the hydrolyzed reaction product was incubated with L- 
arabinose isomerase, 88 per cent of the cysteine-carbazole-reactive sub- 
stance disappeared owing to its conversion to aldopentose, exactly as in the 
case of an authentic sample of L-ribulose (Fig. 9). p-Ribulose and b- 
xylulose do not react in this test. Since the color change was quantita- 
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Fic. 9. Identification of L-ribulose with L-arabinose isomerase. Each reaction 
was Carried out at 23° in a total volume of 0.4 ml. containing 30 umoles of Tris buffer 
(pH 7.0), 0.9 umole of ketopentose, and 0.2 mg. of L-arabinose isomerase (specific ac- 
tivity = 33). Suitable aliquots were removed at intervals and immediately as- 
sayed for ketopentose with the cysteine-carbazole method. The enzymatic product 
was that obtained from L-ribulose phosphate by treatment with potato acid phos- 
phatase. 


tively that expected for L-ribulose, it was evident that no other ketopentose 
Was present. 

Position of Phosphate Grouwp—Evidence for esterification at position 5 
was obtained by periodate oxidation studies (Table IV). In dilute solu- 
tion at pH 5.0 2 equivalents of periodate were utilized. ‘This is in agree- 
ment with the results obtained by Hurwitz and Horecker (21) with 
p-xylulose phosphate and p-ribulose phosphate. The low periodate value 
was attributed to the accumulation of glyoxylic acid which was found 
to react very slowly with periodate under the experimental conditions. 
In another experiment the periodate reaction mixture was analyzed with 
DPNH and lactic dehydrogenase and found to contain 0.9 equivalent of 
an a-keto acid, presumably glyoxylic acid. 
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The acid lability of the phosphate ester formed by periodate oxidation 
of ribulose phosphate was found to be identical with that formed from 
glucose 6-phosphate and different from the product obtained in the perio- 
date oxidation of fructose 1-phosphate. On the basis of the utilization 
of 2 moles of periodate with the formation of 1 mole each of formaldehyde, 
a-keto acid, and labile phosphate, it is most likely that the phosphate group 
occupies the 5 position (21). 


DISCUSSION 


The presence of ribulokinase in extracts of L-arabinose-grown L. plan- 
tarum suggests that in the metabolism of L-arabinose by this organism the 
first sugar to be phosphorylated is L-ribulose. No phosphorylation of 
L-arabinose was observed in purified enzyme fractions free of L-arabinose 
isomerase. L-Ribulose phosphate formed from L-ribulose and ATP is con- 
verted to p-xylulose phosphate (2) which is then cleaved by phosphoketolase 
(14) to acetyl phosphate and triose phosphate. These reactions (see 
Scheme 1 of Paper I) are discussed in the accompanying papers. The 
ability of the ribulokinase to utilize both p- and t-ribulose was unexpected 
since in the case of xylulose kinase (24) isolated from LL. plantarum only 
the p isomer is utilized. 


The authors are indebted to Dr. E. C. Heath and Dr. Y. Takagi for mak- 
ing available their data on preliminary studies with this enzyme including 
methods for preparing active extracts and partial purification. 


SUMMARY 


Extracts of Lactobacillus plantarum, prepared from cells grown on L- 
arabinose, contain an active ribulokinase which has been purified about 
100-fold. The enzyme catalyzes the esterification of both t-ribulose and 
p-ribulose but is somewhat more active with the former. Other sugars 
are not utilized. 

The purified enzyme has been used for the preparation of L-ribulose 
5-phosphate, and this product has been characterized by colorimetric and 
enzymatic methods and by periodate oxidation studies. 
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PENTOSE FERMENTATION BY LACTOBACILLUS PLANTARUM 


IV. p-RIBULOSE-5-PHOSPHATE 4-EPIMERASE 
By D. P. BURMA* anp B. L. HORECKER 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, September 11, 1957) 


Extracts of Lactobacillus plantarum derived from cells grown on L- 
arabinose contain an active isomerase, which converts L-arabinose to L- 
ribulose (1, 2), and a ribulokinase, which catalyzes the formation 
of L-ribulose 5-phosphate (3, 4). Such extracts also catalyze the conversion 
of L-ribulose 5-phosphate to p-xylulose 5-phosphate, which has been shown: 
to be the key intermediate in pentose fermentation by L. plantarum (5, 6). 
On the basis of known enzymatic reactions, the accompanying pathway 
can now be written for the fermentation of L-arabinose in this organism. 

The conversion of L-ribulose 5-phosphate to p-xylulose 5-phosphate was 
first demonstrated by Wolin, Simpson, and Wood (7), with an enzyme 
isolated from extracts of Aerobacter aerogenes. Since the reaction catalyzed 
by this enzyme is similar to that catalyzed by UDPG! 4-epimerase (8), 
the enzyme will be named t-ribulose-5-phosphate 4-epimerase.2 The 
enzyme has now been obtained in highly purified form from L. plantarum. 
Its properties and possible cofactor requirements will be considered. 


Methods 


Materials—u-Ribulose phosphate was prepared from t-ribulose and ATP 
by the action of ribulokinase (4). D-Xylulose phosphate was obtained by 
a modification of the method described by Hurwitz and Horecker (9). 
DPN and TPN were commercial preparations. DPNH was prepared by 
the method of Ohlmeyer (10). Superbrite glass beads were washed as de- 
scribed in Paper III (4). Darco was obtained from the Atlas Powder Com- 


* Fellow of the Jane Coffin Childs Memorial Fund for Medical Research, on leave 
from the Bose Research Institute, Calcutta, India. Present address, Bose Research 
Institute, Calcutta, India. 

1The following abbreviations are used: ATP, adenosine triphosphate; ADP, 
adenosine diphosphate; Pi, orthophosphate; UDPG, uridinediphosphoglucose; 
DPN, diphosphopyridine nucleotide; TPN, triphosphopyridine nucleotide; DPNH, 
dihydrodiphosphopyridine nucleotide; DPNase, diphosphopyridine nucleotidase; 
Tris, tris(hydroxymethyl)aminomethane; ThPP, thiamine pyrophosphate. 

2 The name stereoisomerase (7) has been used for this enzyme; however, in corre- 
spondence with Dr. W. A. Wood and his coworkers, it has been agreed that the present 
nomenclature is more suitable. 
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pany, Wilmington, Delaware. All other chemicals were commercial 
preparations. 

Potato acid phosphatase was prepared according to Kornberg.* Phos- 
phoketolase was purified from extracts of L. plantarum as previously de- 
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scribed (6). The enzyme purified through ammonium sulfate step I was 
sufficiently pure for the purposes of this work. Acetokinase was purified 
from Escherichia coli by the method of Rose et al. (11). Spleen and Neuro- 
spora I)PNases were kindly provided by Dr. R. Burton of the National 
Institute of Neurological Diseases and Blindness and Dr. N. O. Kaplan 


3 Dr. A. Kornberg, unpublished procedure. 
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of Brandeis University. L-Arabinose isomerase was prepared as already 
described (2). 

p-Xylose Isomerase—This enzyme (12), used here for the determination 
of p-xylulose, was partially purified from extracts of xylose-grown L. 
plantarum by the following procedure. 

Xylose-grown cells of L. plantarum were grown and harvested as pre- 
viously described (6). The cell paste (2.6 gm.) was placed in the Nossal 
shaker cartridge (13) with 8 ml. of 0.02 Mm NaHCO; and 8 gm. of Superbrite 
glass beads and shaken for three 30 second periods, with cooling in ice in 
between. The mixture was centrifuged, and the residue was washed twice 
with 6 ml. portions of 0.02 m NaHCO;. The combined supernatant solu- 
tion and washings (18 ml.) were treated with 0.9 ml. of 1 m MnCl, and kept 
at 0° for 30 minutes, and the precipitate was removed by centrifugation 
and discarded. The supernatant solution (17.5 ml.) was treated with 
7.6 gm. of ammonium sulfate and centrifuged. The precipitate which 
contained about 30 per cent of the total activity was discarded. The 
supernatant solution (21 ml.) was treated with 3.6 gm. of ammonium sul- 
fate, and the precipitate was collected by centrifugation and dissolved in 
2 ml. of 0.1 m Tris buffer, pH 7.0. The final volume was 2.5 ml. The 
preparation was stable when stored at —16°. Db-Ribulose and 1-xylulose 
were inactive with this enzyme, but t-ribulose was slowly converted to 
L-arabinose, indicating that traces of L-arabinose isomerase were present. 
With p-xylulose the equilibrium mixture was found to contain 18 per cent 
of ketopentose at 25°, compared with 13 per cent found by Mitsuhashi 
and Lampen (12) and 16 per cent found by Hochster and Watson (14). 

Analytical Procedures—Unless otherwise indicated the analytical 
methods used were those described in Paper III. DPNase assays were 
carried out by the method of Kaplan eé al. (15). Acetyl phosphate was 
measured by the method of Lipmann and Tuttle (16). Since this proce- 
dure was less sensitive than other methods to be described, it was used only 
for quantitative measurements and not for routine assay. 

In addition to the colorimetric procedures for pentose and ketopentose 
(2), the following enzymatic methods were employed. For t-ribulose, a 
specific method was available based on the conversion of this sugar to 


L-arabinose by L-arabinose isomerase (2). The decrease in cysteine-carba- - 


zole-reactive pentose upon treatment of the mixture with L-arabinose isom- 
erase was equal to 90 per cent of the original content of L-ribulose. The 
presence of other keto or aldopentoses did not interfere in this assay. A 
similar procedure was employed for the assay of pD-xylulose, with the 
b-xylose isomerase preparation described above. However, in this case, 
since the enzyme preparation showed some activity with L-ribulose, it was 
necessary to treat complex mixtures first with L-arabinose isomerase and 
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then with p-xylose isomerase. The first density change was divided by 
the factor 0.90 and the second density change by the factor 0.82. In this 
way, by the successive addition of L-arabinose isomerase and_ pD-xylose 
isomerase both ketopentoses could be determined in the same reaction 
mixture (Fig. 1). 


L~-ARABINOSE “4 
ISOMERASE 


> 


O-XYLOSE 
ISOMERASE) 


MICROMOLES OF KETOPENTOSE 


e) 20 40 60 80 100 120 
MINUTES 

Fic. 1. Isomerase assay for mixtures of L-ribulose and p-xylulose. The incuba- 
tion was carried out at 23° in a total volume of 0.35 ml. containing 2.0 umoles of 
L-ribulose, 1.9 wmoles of p-xylulose, and 15 wmoles of Tris buffer, pH 7.5. The reac- 
tion was begun by the addition of 50 y of L-arabinose isomerase. Aliquots were 
taken at the intervals indicated and assayed for ketopentose by the cysteine-carba- 
zole color test. At 60 minutes, when the first equilibrium was reached, 700 y of 
p-xylose isomerase were added. 


Enzyme Assay—For the assay of 4-epimerase the following reactions 
were used." 
(1) L-Ribulose 5-phosphate = p-xylulose 5-phosphate 
(2) pv-Xylulose 5-phosphate + Pj? — acetyl phosphate-P*? + triose phosphate 
(3) Acetyl phosphate-P*? + ADP — acetate + ATP* 
ATP® formed in this system was adsorbed on charcoal (17) and counted 
as such. In the presence of an excess of phosphoketolase (Reaction 2) and 
acetokinase (Reaction 3) the rate of formation of ATP® was proportional 
to the quantity of 4-epimerase (Reaction 1) (Fig. 2). The formation of 


0.005 umole of p-xylulose 5-phosphate can readily and accurately be meas- 
ured by this method. P*? was counted in an end window counter. 


‘This assay procedure was suggested by Dr. J. Hurwitz. 
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Purification Procedure—L. plantarum, strain 124-2 (ATCC 8041), was 
grown on L-arabinose as previously described (6). The cell paste was 
stored at —16° and used as needed for the preparation of the enzyme. 
Such frozen cells showed no loss of activity in several months. The sub- 
sequent operations were carried out at 0O—2° unless otherwise stated. 
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Fic. 2. Proportionality of reaction rate to quantity of L-ribulose 5-phosphate 
4-epimerase. The incubation mixture (0.13 ml.) contained 12 wmoles of succinate 
buffer, pH 6.0, 1.0 umole of MgCl., 1.5 uwmoles of glutathione, 0.025 umole of ThPP, 
0.9 umole of ADP, 0.16 wmole of L-ribulose phosphate, 27 units of phosphoketolase, 
1.2 units of acetokinase, and 0.8 umole of orthophosphate-P* (10,000 ¢.p.m.). The 
reaction was begun by the addition of 4-epimerase and, after 15 minutes at 37°, was 
stopped by the addition of 1 ml. of 2.5 per cent HCIO,. To this solution was added 
0.2 ml. of a suspension of charcoal in water (Darco, 10 per cent (w/v)) to adsorb the 
adenine nucleotides. The charcoal was collected by centrifugation, washed three 
times with 10 ml. portions of 2.5 per cent HC1O,, filtered onto a sintered disk, washed 
with water, and transferred to the counter. The quantity of ATP* found was calcu- 
lated from the known specific activity of the inorganic phosphate added. The heated 
fraction (specific activity = 179 units per mg., see Table I) was used in this experi- 
ment. 


Cell extracts were prepared with the Nossal shaker in the same manner 
as for xylose isomerase. I our batches, corresponding to 12 gm. of packed 
cells, were combined and centrifuged, and the residue was washed twice 
with 24 ml. of 0.02 Mm NaHCO;. The extracts and washings were combined 
(“Crude extract,” 78 ml.). 

The crude extract was treated with 3.9 ml. (0.05 volume) of 1 mM MnCla, 
kept for 30 minutes, and centrifuged. The precipitate was discarded. 
The supernatant solution (75 ml.) was diluted with 44 ml. of cold water, 
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and 11 ml. of 0.5 M sodium acetate were added. Subsequent fractionation 
with acetone was carried out at —10°. Acetone was added slowly, and the 
solution was cooled in an alcohol-dry ice bath (—15°) so that the final 
temperature of the solution was about —8°. After the first addition of 
acetone (17.8 ml.), the mixture was kept for 2 minutes and centrifuged 
for 1 minute in a Servall SS-1 centrifuge at —10°. The precipitate was 
discarded. The supernatant solution was treated in the same way with 
18 ml. of acetone, and the precipitate was collected and dissolved in 8 ml. 
of 0.05 mM Tris buffer, pH 7.5 (‘‘Acetone fraction,” 8.5 ml.). This fraction 
was found to be stable when kept frozen overnight, and the following steps 
were conveniently carried out on the next day. 

The acetone fraction was treated with 2.45 gm. of ammonium sulfate 
and centrifuged, and the precipitate was discarded. The supernatant 
solution was treated with 0.54 gm. of ammonium sulfate, and the precipi- 
tate was collected and dissolved in 5 ml. of 0.05 m Tris buffer, pH 7.5 
(‘Ammonium sulfate fraction,” 5 ml.). 

The ammonium sulfate fraction was placed in a bath at 70° and heated 
to 65°. This required about 2 minutes, after which the vessel was trans- 
ferred toa bath at 65° where it was kept for 5 minutes. The solution was 
rapidly cooled, and the voluminous precipitate was removed by centrifuga- 
tion. The precipitate was washed with 1 ml. of cold water. The combined 
supernatant solution and washing (4.7 ml.) were treated with 1.7 gm. of 
ammonium sulfate, and the precipitate was collected and dissolved in 1 
ml. of 0.05 m Tris buffer, pH 7.5 (‘‘Heated fraction,” 1.1 ml.). 

The heated fraction was further purified by charcoal treatment. 1 ml. 
of 10 per cent (w/v) charcoal suspension in water was centrifuged, and the 
water phase was removed by aspiration. To the charcoal residue was 
added 1.0 ml. of the heated fraction. After 15 minutes at 0° the solution 
was centrifuged, and the supernatant solution was decanted (‘Charcoal 
fraction,”’ 1.0 ml.). 

A summary of the purification procedure is given in Table I. The final 
product was about 175-fold purified compared with the crude extract; 
about 25 per cent of the original activity was recovered. For most pur- 
poses the heated fraction was employed. 


Properties of Enzyme 


Dependence upon pH and Cofactors—The enzyme showed maximal — 
activity in a broad range from pH 7 to9 and was about 50 per cent of maxi- 
mal at pH 6.0. However, the routine assay was carried out at pH 6.0 
to provide optimal conditions for the action of phosphoketolase. 

In the case of UDPG 4-epimerase, Maxwell (18) showed DPN to be an 
essential cofactor. With L-ribulose-5-phosphate 4-epimerase no cofactor 
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requirement has been established. The enzyme preparations showed 
significant absorption at 260 my, but were not inactivated by treatment 
with charcoal or anion exchange resins. However, these procedures did 


-not completely remove the material responsible for the absorption at 260 


my, indicating the presence of nucleic acid or tightly bound nucleotides. 


TABLE I 
Purification of L-Ribulosephosphate 4-Epimerase 
Step Total units* Specific activity 
eae. pmoles per 15 min. unils per mg. 
Ammonium sulfate fraction................. 410 ! 16.7 


* A unit was defined as the amount of 4-epimerase which yields 1 umole of ATP* 
under the assay conditions. 


TABLE II 
Inactivation of 4-Epimerase by DPNase 
Condition With preincubation* Without preincubationt 
pmole AT P32 per 15 min. pmole AT P22 per 15 min. 


* 4-Epimerase (0.12 mg. of heated fraction, specific activity = 179 units per mg.) 
was incubated with or without DPNase, 0.01 ml. (68 units), in a total volume of 
0.1 ml. containing 4 umoles of Tris buffer, pH 7.5. After 20 minutes at 37° the solu- 
tions were diluted with 4.9 ml. of cold water, and an aliquot (0.01 ml.) was taken 


for the enzyme assay. 

t In this experiment a comparable aliquot of 4-epimerase was assayed directly 
and with and without 0.01 ml. of 500-fold diluted DPNase added directly to the 
4-epimerase assay mixture. A direct effect of DPNase on the assay system is thus 


excluded. 


The enzyme was completely inactivated by incubation with Neurospora 
DPNase (Table II) but was not affected by spleen DPNase. ‘The inacti- 
vated enzyme could not be reactivated by the addition of DPN or TPN 
or boiled crude extract. Furthermore, no DPN or DPNH could be 
detected in the purified enzyme preparation. With a sensitive catalytic 
method adequate to detect less than 0.25 mole of DPN or DPNIL per 
100,000 gm. of protein, none was found. 

Effect of Substrate Concentration—The effect of L-ribulose 5-phosphate 
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concentration on the reaction velocity is shown in Fig. 3. The AK, calcu- 
lated from the Lineweaver-Burk plot (insert in Fig. 3) was 1.1 & 1073 M. 
In the absence of a suitable assay method for the reaction in the reverse 
direction, it was not possible to determine the A, for p-xylulose 5-phos- 
phate. Attempts to measure the disappearance of b-xylulose phosphate 
by assay with phosphoketolase (6) gave inconsistent results. However, 
it was clear from the equilibrium measurements (see below) that the initial 
reaction rate was similar with L-ribulose phosphate and p-xylulose phos- 
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Fic. 3. Effect of L-ribulose 5-phosphate concentration on the reaction rate. The 
assay method was as described in Fig. 2, except that 0.24 y of enzyme (heated fraction) 
and varying amounts of L-ribulose phosphate were used. 


phate at comparable concentrations, indicating that the affinity of the 
enzyme for the two substrates is similar. 


Equilibrium Studies 


Preliminary measurements of the equilibrium carried out with crude 
enzyme extracts have already been reported (5). However, interfering 
enzymes present in the crude preparations prevented the attainment of 
true equilibrium. These measurements have now been carried out with 
the purified enzyme (Fig. 4). The reaction was followed by measuring the 
formation or utilization of p-xylulose 5-phosphate. With either L-ribulose 
5-phosphate or p-xylulose 5-phosphate as substrate, an equilibrium ratio 
of p-xylulose phosphate to L-ribulose phosphate of 1.2 was obtained. To 
check the final values after equilibrium was reached, the mixtures of phos- 
phate esters were hydrolyzed with potato acid phosphatase and assayed 
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for L-ribulose with L-arabinose isomerase and then for p-xylulose with 
p-xylose isomerase. The values were in good agreement with those ob- 
tained by p-xylulose 5-phosphate assay (see Table III). 
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Fic. 4. The equilibrium between L-ribulose 5-phosphate and p-xylulose 5-phos- 
phate. The reaction was carried out at 37° in a total volume of 3.0 ml. containing 
4.0 ymoles of either p-xylulose 5-phosphate or L-ribulose 5-phosphate, 125 umoles of 
Tris buffer, pH 7.0, and 12.0 y of 4-epimerase (heated fraction). 0.5 ml. aliquots 
were analyzed for p-xylulose 5-phosphate with phosphoketolase as follows: Each 
aliquot was treated with 0.02 ml. of 0.1 m phosphate buffer, pH 6.0, and 0.05 ml. of 
0.5 M succinate buffer, pH 6.0, and heated in a boiling water bath for 1 minute. The 
turbid suspension was cooled and treated with 3 umoles of MgCl., 9 umoles of gluta- 
thione, 0.1 umole of ThPP, and 24 units of phosphoketolase; the final volume was 
made up tolml. After incubation at 37° for 20 minutes, to permit the phosphoketo- 
lase reaction to go to completion, the acetyl phosphate formed was measured as 
described by Lipmann and Tuttle (16). 


TABLE III 
Analysis of Equilibrium Mizture with Isomerase Assay 
Phosphate ester added L-Ribulose* p-Xylulose* Per cent p-xylulose 
pmoles pmoles 
L-Ribulose 5-phosphate........... 1.8 2.0 52.6 


4.0 wmoles of total pentose in each experiment. 

* The final equilibrium reaction mixtures (45 minutes) in Fig. 4 were adjusted to 
pH 5.5 with 0.04 ml. of 1.0 N acetic acid and heated in a boiling water bath for 1 min- 
ute. To the cooled solutions were added 0.025 ml. of 1 m MgCl. and 0.05 ml. of po- 
tato acid phosphatase. After 2 hours at 37° aliquots were assayed as described in 
the text for t-ribulose and p-xylulose. 
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DISCUSSION 


The enzyme has been called t-ribulose-5-phosphate 4-epimerase, be- 
cause it catalyzes a change in configuration at the 4 position. Phospho- 
ketopentoepimerase (19) which catalyzes the interconversion of b-ribulose 
phosphate and p-xylulose 5-phosphate carries out a similar inversion at 
the 3 position and a more appropriate name for this enzyme is v-ribulose- 
5-phosphate 3-epimerase. 


H.COH H.COH H.COH 
C=0 C=0 
4-epimerase 3-epimerase | 
HOCH > HOCH : HCOH 
| 
HOCH HCOH 
| 
H.COPO; H,.COPO; H:COPO; 
t-Ribulose p-xylulose p-ribulose 
5-phosphate 5-phosphate 5-phosphate 


Although the reactions bear a superficial resemblance to each other, it is 
possible that the mechanisms are entirely different. In the case of inter- 
conversion catalyzed by the 3-epimerase, since the carbon atom involved 
is adjacent to a carbonyl group, an ene-diol intermediate is possible (19). 
Supporting evidence for this mechanism has been obtained by Topper and 
Hurwitz® who have demonstrated the incorporation of tritium into p- 
xylulose 5-phosphate incubated with 3-epimerase. Purified 3-epimerase, 
after about a 700-fold purification, shows no cofactor requirement. 

The interconversion of the 4-epimers presents a somewhat different prob- 
lem, since there is no adjacent carbonyl group. A similar epimerization 
occurs in the formation of uridine diphosphate galactose from uridine di- 
phosphate glucose (20), but in this case Maxwell has shown the enzyme to 
require DPN (18), although the function of this coenzyme is not clear. 
With the L-ribulose-5-phosphate 4-epimerase no DPN or other cofactor 
has been encountered. No inactivation was obtained with charcoal or 
Dowex treatment; however, the former procedure left significant quantities 
of nucleotide while none of the material absorbing at 260 mu was removed 
by Dowex and no definite conclusions can be drawn from these results. 

Since the inactivation by DPNase was not reversed by the addition of 
DPN or TPN or their reduced forms, it cannot be attributed to a destruc- 
tion of bound DPN, particularly since no DPN could be detected in the 
purified enzyme preparations. 


§Y.J. Topper and J. Hurwitz, personal communication. 
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With the isolation of 4-epimerase, all of the enzymatic steps in the fer- 
mentation of L-arabinose by L. plantarum are now defined, and the impor- 
tance of p-xylulose 5-phosphate in the fermentation pathway becomes clear. 
All of the pentoses which are fermented by this organism are converted to 
xylulose 5-phosphate which is then cleaved to yield the 2- and 3-carbon 
fragments (6) which ultimately give rise to acetic acid and lactic acid, the 
end products of fermentation. 


SUMMARY 


Extracts of Lactobacillus plantarum, prepared from cells grown on L- 
arabinose, catalyze the reversible conversion of L-ribulose 5-phosphate to 
p-xylulose 5-phosphate. This enzyme, L-ribulose-5-phosphate 4-epimerase, 
has been purified about 170-fold. The equilibrium constant for the reac- 
tion L-ribulose 5-phosphate — b-xylulose 5-phosphate is 1.2. 

No cofactor requirement has been established for the enzyme. It is 


‘not inactivated by treatment with charcoal or anion exchange resin. The 


enzyme preparations after such treatment still show considerable absorp- 
tion at 260 my. 4-Epimerase is inactivated by Neurospora diphospho- 
pyridine nucleotidase, but the inactive enzyme cannot be reactivated by 
diphosphopyridine nucleotide or by boiled extracts. 

A procedure for the preparation of p-xylose isomerase is described. This 
enzyme, together with L-arabinose isomerase, can be used for the quanti- 
tative assay of mixtures of p-xylulose and L-ribulose. 
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LACTIC DEHYDROGENASE 


IV. THE INFLUENCE OF pH ON THE KINETICS OF THE REACTION* 


By ALFRED D. WINER anp GEORGE W. SCHWERT 


(From the Department of Biochemistry, Duke University 
School of Medicine, Durham, North Carolina) 


(Received for publication, September 9, 1957) 


In Paper III in this series (1), it was concluded that the reaction cata- 
lyzed by the crystalline lactic dehydrogenase of beef heart can be repre- 
sented by the following sequence:! 


1 3 5 
E+ DPN E-DPN; E-DPN + lactate E-DPN.- lactate (1) 


7 9 
E-DPNH-pyruvate — E-DPNH + pyruvate; E-DPNH — E + DPNH 


This conclusion was based upon the following arguments: (a) The initial 
reaction velocity from the lactate side of the reaction is described by an 
equation of the form 


= 1+ Ko/O + K,/L + Ko1/OL (2) 
and the initial reaction velocity from the pyruvate side is described by 
V,/v = 1+ Kr/R + Kp/P + Krp/RP (3) 


where V; and V, are the maximal reaction velocities in the forward and 
reverse directions, respectively, Ko, Ax, Ax, and Kp are the Michaelis 
constants for DPN, lactate, DPNH, and pyruvate, respectively, and O, 
L, R, and P are the concentrations of the corresponding reactants. Koz 
and Krp have the same operational relationship to the products of con- 
centrations, OL and RP, as do Michaelis constants to single substrate 


* This investigation was supported by research grant No. RG-2941 from the Na- 
tional Institutes of Health, United States Public Health Service, and by grant No. 
G-1161 from the National Science Foundation. 

Abstracted from a thesis submitted by Alfred D. Winer to the Graduate School 
of Duke University in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy. These results were presented at the Forty-eighth annual meeting 
of the Federation of American Societies for Experimental Biology at Chicago, April 
15-19, 1957. 

1The following abbreviations have been used: DPN and DPNH, oxidized and 
reduced diphosphopyridine nucleotide; LDH, lactic dehydrogenase; PCMB, p-chlo- 
romercuribenzoate; and Tris, tris(hydroxymethyl)aminomethane. 
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concentration.2. This kinetic behavior is consistent with the mechanism | 


shown (2). 

(b) Alberty (3) has derived expressions which relate kinetic and equilib- 
rium constants for a number of possible mechanisms for reactions of this 
type. The kinetic and equilibrium constants, determined at three tem- 
peratures at a single pH value, fit the relation derived by Alberty for this 
mechanism. The agreement between theory and experiment, cited here 
and under point (a), is a necessary but not a sufficient condition which 
the correct mechanism must meet. Although mechanisms which do not 
involve the formation of ternary complexes of the type of KOL can be 
ruled out by this means, and also because the direct stereospecific transfer 
of hydrogen between substrate and coenzyme seems to require a ternary 


complex (4), alternative mechanisms involving either random or pref- | 


erential binding order for substrates and coenzymes also meet the con- 
ditions cited here and under point (a). 


(c) The existence of an LDH-DPNH complex was inferred by Chance | 


and Neilands from spectroscopic evidence (5). Evidence for the existence 
of an LDH-DPN complex was also obtained by the ultracentrifugal sep- 
aration technique, but no indication of the existence of either LDH-py- 
ruvate or LDH- lactate complexes could be obtained by this technique (1). 
This result seems to be consistent only with the compulsory pathway 
mechanism. 

Clearly, however, the mechanism shown is incomplete since the over-all 
reaction, DPN+ + lactate =: DPNH + pyruvate + Ht, includes a proton 
which has not been taken into account as a reactant. It was the object 
of the present investigation to establish the role of this proton in the 
reaction. The problem has been approached by determining the variation 
of the kinetic parameters with varying hydrogen ion concentration. 


EXPERIMENTAL 


Materials—The preparations of DPN, DPNH, potassium pyruvate, 
calcium L-(+)-lactate, PCMB, and the faster migrating electrophoretic 
component of crystalline lactic dehydrogenase have been described (1, 2). 

Methods—Initial reaction rates were estimated from measurements of the 
rate of change of absorbancy at 340 muy, characteristic of DPNH, with a 
Beckman model DK-1 recording spectrophotometer. To increase the 
sensitivity of the measurements, the expanded scale features of this instru- 
ment were utilized. All measurements were made with 75 to 125 per 


2 The steady state kinetic approach to this mechanism yields the following defi- 
nitions for these constants: Vy = Ko = Ky = 
= = Ke = kek gke/kvl; Kp = Kre = 
kokjG/kskwH where E is total enzyme concentration; F = ky(ke + kz) + ks(ki + 
ky); = Kako + Koki + and H = + ks) + + ka) (1). 
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| cent transmission corresponding to full scale deflection of the recorder. 


The spectrophotometer was equipped with a water-jacketed cell com- 
partment maintained at a constant temperature by water circulated from 
a bath regulated to +0.05°. The cell compartment was capable of ac- 
commodating both 1 and 10 cm. cuvettes and, in most cases, cuvettes with 
a 10 cm. optical path were used in order to obtain sufficiently large changes 
in transmission to afford reasonable precision in estimating initial reaction 
rates. Since the error introduced by assuming the relation between per 
cent transmission and absorbancy to be rectilinear in this range of trans- 
mission is negligible compared to experimental errors, this assumption 
was made. Other details of manipulation were identical with those pre- 
viously described (2). | 

All determinations were made at 28.5° in Tris-Tris hydrochloride buffer 
over the pH range 5.6 to 10.5. The Tris component was held constant at 
0.2 M, and the pH varied by titration with hydrochloric acid. Potassium 
chloride was added to give a final ionic strength of 0.2. Although the use 
of a single buffer system over such a wide range of pH values results in 
very small buffer capacities at the extremes of the pH range, it has been 
found (see below) that each buffer tested exhibits specific anion effects. 
To limit the present study, in so far as possible, to the effects of pH, a 
single buffer was used. At the extreme pH values, all reaction components 
were dissolved in the appropriate Tris buffer immediately before the deter- 
mination of the initial reaction velocity. Since reaction velocity determina- 
tions corresponded to changes in concentrations of DPNH of less than 10~® 
mole per liter, the pH of the reaction system was not significantly altered 
by the reaction mixture even at extreme pH values. Reported pH values 
were determined in the Beckman model G pH meter at the completion 
of the measured reaction. For velocity measurements over the pH range 
where the buffer capacity of Tris buffer is satisfactory, the enzyme was 
kept at 25° in 0.05 m phosphate buffer at pH 6.80. The reaction was 
initiated by the addition of 0.1 ml. of enzyme with an “adder-mixer” of 
the type described by Boyer and Segal (6). For velocity measurements 
at the extreme pH values, a concentrated stock solution of the enzyme was 
diluted with the appropriate Tris buffer immediately before use. The 
activity of the enzyme was not altered by standing in Tris buffer for a 
short period of time. Longer standing, however (see below), did result 
in loss of enzymatic activity. 

Neutralized semicarbazide in a final concentration of 0.01 mM was used 
as a trapping agent for the pyruvate formed when velocity measurements 
were made from the lactate side of the reaction. In experiments identical 
with those previously conducted with hydroxylamine (2), 0.01 M semicar- 
bazide was found to have no effect on the initial reaction velocity. 
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The maximal initial velocities and Michaelis constants were calculated 
from Lineweaver-Burk plots of the rate data as previously described (2). 


Results 


At the outset of these kinetic studies, a number of experiments were 
performed to outline the general properties of the system and their varia- 
tion with pH. | 

Stability of Enzyme—Solutions of crystalline enzyme diluted to the 
concentration range suitable for velocity measurements were found to lose 
activity at a rate of 10 to 20 per cent per hour at 25° in Tris buffer, u = 0.2, 
over the pH range 5.6 to 10.5. As reported previously (2), and confirmed 
in the present studies, the enzyme is stable in 0.05 mM phosphate buffer, 
pH 6.80, at 25° for about 24 hours. 

Stability of Pyruvate, DPNH, and DPN—Solutions of potassium pyruvate 
were found to be stable for 6 to 8 hours in Tris buffer, u = 0.2, at 25° over 
the pH range 6.0 to 9.0.2 However, standing in Tris at pH 10 for 5 hours 
causes an apparent decrease in pyruvate concentration, as measured by 
enzymatic reaction velocity, of approximately 10 per cent. Thus, for the 
determination of reaction velocities above pH 9, concentrated stock py- 
ruvate solutions were prepared in water and diluted with the appropriate 
Tris buffer immediately before use. 

DPNH was found to be stable for 8 hours in Tris buffer, pH 8.20, but 
was found to lose about 5 per cent of its activity in 3 hours at pH 6.00.4 
DPN solutions are stable for 3 hours at 25° in Tris buffers over the pH 
range 4.90 to 10.02. After 6 hours at pH 10.02, there is an apparent 
decrease in DPN concentration, as measured by enzymatic reactivity, of 
about 5 per cent. Therefore, for velocity measurements at low pH values 
in the case of DPNH, and high pH values, in the case of DPN, concentrated 
stock coenzyme solutions were prepared in water and diluted with the 
appropriate Tris buffer immediately before use. 

Specific Anion Effects—When various buffers with pH values of 6.5 and 
ionic strengths of approximately 0.2 were compared with Tris-Tris hydro- 
chloride at the same -pH and ionic strength, it was found that the initial 
enzymatic reaction rate from the pyruvate side of the reaction was increased 
about 5 per cent in histidine buffer, was decreased approximately 10 per 
cent in arsenate, cacodylate, and phosphate, was decreased approximately 
25 per cent in acetate, benzoate, citrate, phthalate, and succinate, and 


3 We are grateful to Dr. Paul D. Boyer for calling this phenomenon to our atten- 
tion as a possible source of error. 

‘In pH 5.90, phosphate buffer, 1 = 0.2, there is a 60 per cent loss of DPNH activ- 
ity in 3 hours and a 13 per cent loss in the same time at pH 8.00. The protective 
effect of Tris buffers was previously reported by Colowick and his coworkers (7). 
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was decreased about 40 per cent in pyrophosphate.® The sensitivity of 
the LDH system to anion effects was previously observed by Green and 
Brosteaux (8), who found marked discontinuities in curves relating reaction 
velocity to pH when the buffer was changed. 

Although the values obtained for the Michaelis constants in the present 
study in Tris buffer differ from those previously reported for phosphate 
buffer (2), the previous results could be duplicated by the present tech- 
niques. 

Inhibition by High Concentrations of Reactants—In accordance with data 
published earlier (2), pyruvate, in high concentrations, is a powerful 
inhibitor for the reaction. The present studies indicate this to be a 
pH-dependent inhibition. Fig. 1 illustrates the behavior of a system 
containing 1.2 KX 10-4 Mm DPNH in the presence of increasing concentra- 
tions of pyruvate at varying pH values. As reported previously (2) and 
confirmed in the present studies, no inhibition by DPNH, DPN, and L(+)- 
lactate was found at the concentration levels of these reactants used. 
These findings are at variance with recent studies of Nygaard (10), who 
reported inhibition at pH 7.15 in phosphate buffer, « = 0.1 at 23°, at 
concentrations of DPN greater than approximately 5 X 10-4 m and of 
lactate greater than approximately 5 X 107? M. 

Determination of pH Optima—Although Meister (11) has_ reported 
the pH optimum from the pyruvate side of the reaction to be at pH 7.8, 
determinations made in this laboratory have yielded values between 
pH 6.8, the.pH value used for previously published measurements (2), 
and pH 8.0. The results shown in Fig. 1 suggest that the variability 
observed in measurements of this parameter may have resulted from the 
use of different levels of pyruvate for the various measurements. The 
open circles in Fig. 2 illustrate the variation of initial reaction velocity 
when the pyruvate concentration is so low that no substrate inhibition is 
observed at any pH value. Although the use of very low levels of pyru- 
vate and of DPNH results in somewhat scattered results, it is clear that 
there is not a pH optimum above pH 5.5. The solid circles in Fig. 1 
indicate similar measurements for the lactate side of the reaction. The 
curves are calculated from Equations 2 and 3 by using the values of the 
constants given in Tables I and IT. 

Values of Kinetic Constants—The principal results of the present in- 
vestigation are summarized in Tables I and II. 


5 It seems possible that the inhibitory effects of the simple carboxylic acids may 
arise from competition with pyruvate. The stronger inhibition by pyrophosphate 
suggests a different mode of action, and the structural similarity of this ion and the 
coenzymes suggests that competition with the coenzymes may play a role in this 
case. <A detailed study of these effects is in progress. 
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Since the values presented in Tables I and II are subject to considerable 
errors of estimation, and since there is no independent way to estimate the 
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Fic. 1. Variation of the rate of the LDH-catalyzed reduction of pyruvate with 
pyruvate concentration at various pH values. The curves were calculated from 
the equation of Lineweaver and Burk (9) for substrate inhibition by using the Mi- 
chaelis constants interpolated from Tables I and II and the following dissociation 
constants for the 2nd bound molecule of pyruvate: 5.2, 8.4, 24.0, 38.0, and 113 X 
10-3 m for pH 6.11, O; pH 7.00, ; pH 8.02, A; pH 9.10, O; pH 9.95, @; and pH 10.49, 
@, respectively. The points are experimental points. Velocities have been cor- 
rected to a common enzyme concentration of 2.24 X 10°'® mole per liter. The DPNH 
concentration was constant at 1.2 *K 10-4 M, and all velocity determinations were 
made in Tris buffer, u = 0.2, at 28.5°. 


magnitude of these errors, a test of the internal consistency of the values 
is of importance. It has been shown previously (2) that the kinetic and 
equilibrium constants, determined over the temperature range from 16-35° 
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in 0.05 M phosphate, pH 6.80, satisfy the relation derived by Alberty (3) 
for the mechanism shown in Equation 1: 


Kea (4) 
where A,q is the equilibrium constant for the reaction. If it is assumed 


that the equilibrium constant, unlike the kinetic constants, 1s not in- 
fluenced by specific ion effects, it may be written as (13): 


Keq = (R)(P)(H*)/(O)(L) (5) 


VELOCITY (M/L/MIN)x 10? 


Fic. 2. Plots of pH optima for the LDH-catalyzed reaction in Tris buffer, uw = 
0.2, at 28.5°. From the lactate side (@), the following assay conditions were used: 
4.04 X 10-3 m lactate, 1.17 K 10-4 m DPN, 2.76 XK 107!° m LDH, and 0.01 M semicarba- 
zide, in 1 em. cells. From the pyruvate side (QO), the assay conditions were 8.18 X 
10-° Mm pyruvate, 3.50 X 10°° Mm DPNH, and 1.76 K 10° m LDH, in 10 em. cells. 


Interpolation into the values given previously for the variation of the 
equilibrium constant with temperature at pH 6.80 (2) yields a value for 
this constant at 28°. This value was then divided by the hydrogen ion 
concentrations corresponding to the range of pH covered by the present 
measurements to get values of the apparent equilibrium constant, A’., 
represented by the dashed line of Fig. 3. The points shown as open squares 
in Fig. 3 were calculated from Equation 4 by using points taken at half 
pH unit intervals from the lines representing the variation of the logarithms 
of the various constants with pH. Since the disagreement between the 
line and the points amounts to a factor of approximately 5 when the 
hydrogen ion concentration is varied by nearly 100,000-fold, it appears 
that the data do satisfy Equation 4 and that they have reasonable internal 
consistency. The fit of the kinetic and equilibrium constants to the 
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relationships derived by Alberty for other mechanisms (3) is wholly un- 
satisfactory. 
Estimation of ke/ky and by Independent Methods—It follows from 


TABLE I 


Kinetic Constants for Lactic Dehydrogenase-Catalyzed Conversion of Lactate to 
Pyruvate in Tris Buffers 


Ionic strength 0.2, at 28.5°. 


pH | Ki | Ko Kou Vs 
X 10 105 m? X 108 per mole 10" 

5.58 80 45 22 0.35 
5.75 38 15 8 0.40 
7.05 17 10 3.8 0.73 
7.53 4 8.3 1.3 1.3 
8.05 9.2 6.6 0.94 1.9 
8.59 2.8 5.4 1.1 1.9 
8.96 11 12 0.86 3.4 
9.05 7.4 11 1.2 2.8 
9.44 11 | 13 1.1 | 3.4 
9.91 21 | 17 4.9 | 3.7 
10.01 27 | 59 | 3 | 5.6 
10.20 53 | 61 | 19 | 9.4 


* As before, the molecular weight of LDH is taken as 135,000 (12). 


TABLE II 


Kinetic Constants for Lactic Dehydrogenase-Catalyzed Conversion of Pyruvate 
to Lactate in Tris Buffers 


Ionic strength 0.2, at 28.5°. 


pH Kp Kr | Krp Vy 
5.48 4.1 0.77 1.0 6.5 
5.70 3.8 0.80 1.2 6.3 
6.05 5.7 1.4 1.3 6.2 
6.15 9.6 1.3 3.7 6.2 
6.25 9.0 1.3 5.3 6.8 
6.49 10.0 2.6 3.7 5.7 
6.98 14.0 2.4 5.3 5.5 
8.02 46.0 2.0 12.0 4.6 
8.51 96.0 3.3 75.0 4.4 
9.01 115.0 1.3 130.0 4.2 
9.10 155.0 1.7 185.0 4.2 
10.01 720.0 2.3 1,700.0 3.2 
10.49 2260.0 3.8 37,700 .0 2.5 
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the definitions given? that = k2/k: and that Kre/Kp = ks/kio. 
Since the interpretation of the present results depends heavily upon these 
relationships, it was desirable to estimate the dissociation constants of the 
LDH-DPN and LDH-DPNH complexes by independent methods. 
While it has been shown by the ultracentrifugal separation technique that 
Kox/K,z is essentially equal to k2/k; at a single pH value (1), it was neces- 
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Fic. 3. Fit of kinetic constants to the relation derived by Alberty relating kinetic 
and equilibrium constants for the mechanism shown in Equation 1. See the text 
for details. 


sary to extend this conclusion to a range of pH values, and it was desirable 
to use a method requiring less enzyme. 

Boyer (14) has shown that the reaction between PCMB and the sulf- 
hydryl groups of proteins is essentially irreversible and follows second 
order kinetics when the concentrations of the reactants are of the same 
order. It has been shown previously that the inactivation of LDH by 
PCMB is a slow reaction and that the enzyme is protected against PCMB 
inactivation by DPNH (1). In the presence of a large excess of PCMB, 
the rate of loss of enzymatic activity would be expected to follow first 
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order kinetics, and, if the addition of coenzyme to the system results in 
the reversible formation of an LDH-coenzyme complex which is unable 
to react with PCMB, the rate of loss of activity in the presence of coenzyme 
would be kK */(K* + C), where k is the first order constant characterizing 
the reaction rate in the absence of added coenzyme, K* is the dissociation 
constant on the LDH-coenzyme complex, and C is the concentration of 
added coenzyme, which is also assumed to be present in large excess rela- 
tive to the enzyme concentration. The test of these hypotheses is shown 
in Fig. 4. By this method, the dissociation constant of LDH-DPN 
complex was estimated as 2.2 X 10°‘ mM at pH 7.01 and 1.4 X 10‘ o at 
pH 8.03. The dissociation constant of LDH-DPNH complex was esti- 
mated as 2.2 X 10-§ m at pH 8.03 and 2 X 10-5 M at pH 10.02. 

An alternative approach to the same problem is based upon the observa- 
tions of Hayes and Velick (15) with yeast alcohol dehydrogenase and of 
Theorell and Bonnichsen (16) with liver alcohol dehydrogenase that DPN 
and DPNH compete for the same site on the surfaces of these enzymes. 
If the same condition applies to LDH, the rate of the LDH-catalyzed 
oxidation of lactate in the presence of added DPNH is 


= 1+ Ki/L + (1 + R/Kk)(Ko/O + Ko1/OL) (6) 
Kquation 6 cant be rearranged to: 


V,;/v —1— K,/L — Ko/O — Ko1/OL 
Ko/O — Ko1/OL 


(7) 


in which Kz is the dissociation constant of the LDH-DPNH complex. 
If the left-hand side of Equation 7 is plotted against R, the concentration 
of added DPNH, a straight line is obtained which passes through the origin 
and has a slope of 1/Kz. Similar considerations apply when the reaction 
is run from the DPNH-pyruvate side and DPN is added to the system. 
lig. 5 illustrates the test of these hypotheses. The values obtained for 
the dissociation constant of the LDH-DPN complex by this method are 
2.7 X 10-‘ m at pH 6.80, 1.03 XK 10-4 m at pH 8.58, and 3.5 K 10-4 M 
at pH 9.85. The values for the dissociation constant of the LDH-DPNH 
complex are 2.2 10-* m at pH 6.80 and 6.33 10-§ at pH 8.58. 
Since the values obtained by these two methods are in sensible agree- 
ment with the values obtained from Ko,/K, and from Kep/Kp at corres- 
ponding pH values, it seems justified to conclude that the ratios of kinetic 


6 It is of interest that, when DPNH and pyruvate are held constant at levels con- 
venient for velocity determinations, the addition of L-lactate to a concentration of 
0.04 m at pH 6.94 and to a level of 0.02 mM at pH 8.58 results in the same rate of oxida- 
tion of DPNH as is observed in the absence of added lactate. This result seems to 
be consistent with the view that the reaction follows a compulsory pathway mech- 
anism and seems to imply a high degree of specificity of the LDH-DPNH complex 
for pyruvate. 
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TIME IN HOURS 

Fic. 4. Rate of loss of activity of LDH in the presence of PCMB in Tris buffer, 
pH 8.03, ionic strength 0.2 at 26°. 5.30 X 10-°°m LDH + 1.71 X 10°'m PCMB O, @; 
the same concentrations of LDH and PCMB in 1.54 K 10-*m DPN, A; and in 1.5 X 
10-°m DPNH, 0. The LDH was preincubated with the coenzymes for 30 minutes 
before the addition of PCMB. A and ® are for LDH with DPN and DPNH, re- 
spectively, each in the concentrations given, but in the absence of PCMB. The 
curves are calculated first order curves, as indicated in the text by using 9.8 K 107° 
sec.7! as the rate constant for LDH + PCMB and values of 1.4 X 107‘ m for Ko* 
and 2.2 X for Kpr*. 


20 
1S- 
5 
10- 
§ - 
2 4 3 10 12 
[R] 105m 
x104m 


Fic. 5. Plot of the left-hand side of Equation 7, designated as a, against concen- 
tration of added DPNH, @; and of the corresponding expression for the pyruvate 
side of the reaction, designated as 8, against added DPN, O. Measurements were 
made at 28.5° in pH 8.58, Tris buffer, ionic strength 0.2. The LDH concentration 
was 1.97 * 10°!° m. The initial lactate and DPN concentrations used in the esti- 
mation of Kr* were 1.17 X 10°? Mm and 1.49 X 10°: M, respectively. A,r* was esti- 
mated to be 6.33 X 10°¢ mM. The initial concentrations of pyruvate and DPNH used 
for the estimation of K o* were 1.24 K 10-3 M and 8.59 X 10°° M, respectively. Ko* 
was estimated to be 1.03 * 10°! mM. The values of the kinetic constants were inter- 
polated from Tables I and IT. 
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constants do, in fact, yield values for the dissociation constants of the two 
enzyme-coenzyme complexes. 


DISCUSSION 


It has been indicated (1, 17) that Ko,/Kz, = ke/ki and that Kpp/Kp = 
ko/kio. If the reaction sequence shown in Equation 1 is correct, it 
follows that V;/Ko = ki and V,/Kr = ki, and that V;Ko1/KoK, = kz 
and V-Kre/KeKp == ky. 

It is apparent that relatively small errors in the estimation of the kinetic 
parameters will be pyramided into large errors in the calculation of the 
individual rate constants by this technique. To minimize the effects of 
random errors, smooth curves were drawn through the points describing 
the variation of each kinetic constant with pH, and points taken from 
these curves at half pH unit intervals were used for the calculation of 
the individual rate constants. In the case of Kp, in which real variation 
at various hydrogen ion concentrations seems to be of the same order as 
the errors of estimation, it was assumed that the magnitude of the constant 
increases linearly with increasing pH values from a value of 1.65 X 10-5 
M at pH 5.5 to a value of 2.29 K 10-5 m at pH 10.5. The values of ko, 
kyo, and of ko/ki, calculated in this way, are shown in Fig. 6, A and B. 

Comparison of the values of ky, the rate of dissociation of the 
LDH-DPNH complex, with the values of the maximal reaction velocity 
from the lactate side (V;) indicates that these sets of data are not only 
similar in absolute magnitude but also vary in the same way with pH. 
This point is illustrated in Fig. 6, A. It thus seems most probable that 
the limiting velocity in the forward direction of the over-all reaction is 
the rate of dissociation of the LDH-DPNH complex. A similar postulate 
was proposed by Theorell and Chance (18) to account for the kinetic 
behavior of the horse liver alcohol dehydrogenase system. 

The curve describing the variation of kio, the rate of combination of LDH 
and DPNH, with pH (Fig. 6, B) is similar in shape to the titration curve of 
a dibasic acid with pK values of approximately 7 and 10. Since the pK 
values of the titratable groups of the coenzyme and of the substrate lie 
outside the pH range covered in the present study, it must be assumed 
that the groups giving rise to the effects shown in Fig. 6, B lie on the enzyme 
surface. If it is assumed that there are three charge forms of the enzyme 
which have kinetic significance in the pH range studied, designated by 
+E+, and °E°, and that the dissociation of to ®E+ is characterized 
by an acidic dissociation constant K, while the second dissociation is 
characterized by K,2, it follows that the fractional concentration of enzyme 
having the charge configuration °E+ is 1/{1 + (H+)/Ka + Ka2/(H*)], 
the relative concentration of +H* is (°F+) (H+)/Kai, and the relative con- 
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centration of form °F° is (°H+)K,2/(Ht). If each charge type reacts with 
DPNH at a specific rate, the sum of the products of the relative concentra- 
tions of each charge type of the enzyme at any pH value and of the ap- 
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Fic. 6. A, plot illustrating the variation of V;, O; and of ky, A; with pH. The 
line was calculated from the constants given in Fig. 7 by the methods described in 
the text. B, variation of kj, O; and of ko/ki, A; with pH. The lines are caleu- 
lated from the constants shown in Fig. 7 by the methods indicated in the text. C, 
variation of V;/Ko with pH. The line is calculated by the method indicated in the 
text. D, variation of K, with pH. The line is calculated from Equation 12. 


propriate rate constants should yield the observed value of kio at that pH 
value. The curve shown in Fig. 6, B was calculated from the dissociation 
constants and rate constants shown in Fig. 7. 

Since, as has been indicated, V; and ky appear to be identical, and the 
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errors involved in the estimation of V; are smaller than those for ky, similar 
considerations were applied to fit the curve shown in Fig. 6, A to the points 
describing the variation of V; with pH. The constants used to calculate 
this curve are also shown in Fig. 7. It is apparent that the calculated 
value of ky at any pH value divided by the calculated value of ki) for the 
same pH value should approximate the corresponding value of Krp/Kp. 
A comparison of the calculated line and the experimental points is shown 
in Fig. 6, B. 


Ko, 675 pKa, 9.80 
PRO, [H* +] °e* 2 


m 
° 


+ + 


a 


kio 4x 109 
8 x 108 


kg 3.3105 


kg 2x 10% 
kio 2.3 * 109 
kg 44 x 106 


+e +R pko, 7.77, [H* +]"E*R ER 

Fig. 7. Representation of the binding of DPNH by LDH. hy’, ky’’, and ky’”” 
are the rate constants which describe the dissociation of the various LDH-DPNH 
complexes. kyo’, ki’’, and ky’’’ are the corresponding rate constants for the asso- 
ciation reactions. The values of the dissociation constants for the three forms of 
LDH-DPNH complex are 8.25 K 1077 M, 8.7 K m, and 5.5 X Mo, respectively. 
The square brackets around the hydrogen ion terms indicate that these are to be 
included only in the first equilibria. 


12 


The various equilibrium constants shown in Fig. 7 are not independent. 
A typical relationship between the various constants is 


ky KaiKer ky’ (8) 
kis kio kio 


The definitions of the various constants are indicated in Fig. 7. By using 
the values for the constants (Fig. 7) the numerical values of the three 
terms of Equation 8 are 2.32 K 10-%, 2.32 & 10-%, and 9.3 & 10-%. In 
view of the nature of the data, an error by a factor of 4 does not seem exces- 
sive. 

An interesting aspect of this scheme, and one which seems clear despite 
possible errors in the individual constants, is that pKj2 is much greater 
than pK.2. Thus, the °“H°R complex, which seems to be formed rather 
readily, but which dissociates at a high velocity, is effectively stabilized 
by combination with a proton from the medium to form °EtR. It would 
appear that it is this property of the system which accounts for the rather 
small variation in V, over the pH range studied (cf. Table IT). 
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Although it was anticipated that the identification of ky with V; would 
simplify the interpretation of results obtained from the lactate side of 
the reaction, this has not been found to be the case. Instead, it appears 
that the definitions given? are not adequate to account for the behavior of 
the system from the lactate side of the reaction. This conclusion is based 
upon the following considerations: Since Ko, and K, vary with pH in 
essentially the same way (Table I), it follows that Koz/K1, which is 
ko/ky, is invariant with pH; the ratio V;/Ko, however, does vary in value 
with pH, as shown in Fig. 6, C, and if V;/Ko is ki, as is required by the 
scheme shown in Equation 1, it follows that the product of k1, and k2/ki, 
which is invariant with pH, must yield values for kz which vary in the 
sume way with pH as does k,; if the binding of DPN by the enzyme is 


te+ 4 ot 


Ht H* E+R 
+ + 
2 
Fic. 8. Representation of the binding of DPN and of lactate by LDH. The 
brackets around the hydrogen ion terms have the same meaning as in Fig. 7. 


influenced by titratable groups on the enzyme surface, it is difficult to 
conceive of a situation in which the rates of association and dissociation 
of DPN vary in the same way with pH. Since the experimental results 
indicate that Ko,/K,_ is truly ke/ky, it must follow that V;/Ko isnot simply 
I:;, but is some other function. 

A large number of possible reaction sequences were considered and dis- 
carded because they failed to account for the findings. A scheme which 
does seem to describe the present results adequately is shown in Fig. 8. 
The essential features of this reaction sequence are (1) that the dissociation 
constant for the LDH-DPN complex is not pH-dependent. This implies 
that the pK values of the ionic groups responsible for this binding must 
lie outside the pH range covered by the present measurements. The 
interaction of the pyrophosphate group of DPN with a guanidinium group 
on the enzyme surface would meet this requirement. (2) Of two dissociable 
groups on the LDH-DPN complex, and, as in the case of LDH-DPNH 
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complex, presumably on the LDH surface, one must be protonated and 
one unprotonated before lactate can combine with the complex. (3) 
Since it appears that the conversion of LDH-DPN- lactate to 
LDH-DPNH-pyruvate cannot be characterized by the methods used 
in this study, these intermediates have been merged into a single ternary 
complex EX Y as a step toward simplifying the derivation of an expres- 
sion for initial reaction velocity. 

Treatment of this sequence of reactions by the steady state approach 
yields an expression which has the form required by the results; 7.e., 
V,/v = 1+ Ko/O + + Ko.1/OL. However, the definitions of 
the kinetic constants are complex: 


V; = 


+ ki2)M 


Ko = 
a kikis + ke + kn Ht + kv + kis(hiO + ke + ky») /(kyO + + kis 


Ki => ky +. ky) M/kskis Ht/ 
Ko. = + ky)M/kikskis HtJ 


where J = kykg + krki2 + kokig and M = kukiz Ht? + Ht + 

Since it has been found experimentally that Ko is independent of DPN 
concentration, it is disconcerting that this steady state derivation yields a 
definition of Ko which is not independent of O. The dependence of Ko 
upon O will clearly be diminished if ,O is smaller than the sum k, + kiuHt 
+ ki. Since the range of concentrations of DPN used in these measure- 
ments was between 10-* and 10-* m, this condition seems probable unless 
k, is very large. Further, it would appear that the ratio (iO + ke + 
ky2)/(kiO + ke + kisH*) varies slowly with pH and, if kis is of the same 
order of magnitude as ky, would have a value approximating unity in 
the region of the pK value of the second dissociable group on the enzyme 
surface. Under these conditions, Ko is approximated by 


Ko = + ki2)M/kikisH* (ke + + + (9) 
and the ratio of V; to Ko becomes 
Vy kikiekis (ke + Ht + + his) (10) 


Ko (ke + ki) (kukis + Ht + 


When the hydrogen ion concentration is large, Equation 10 approaches 
kykie/(ke +. ky2) as a limit. 

If the second dissociation of the enzyme and of the LDH-DPN complex 
is neglected, Equation 10 reduces to 


Vs/Ko = kikis(ke + kuH* + + (ku H* + ki) (11) 


7 Details of this derivation will be supplied upon request. 
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When the hydrogen ion concentration is small, Equation 11 approaches k; 
as a limit. 

If the points shown in Fig. 6, C for pH values less than 8.5 are considered 
to outline a titration curve, it appears that the limiting value of V;/Ko 
at low pH values is of the order of 5 & 108 liters per mole per minute,’ 
that the limit approached at high pH values is approximately 4 xX 108 
liters per mole per minute, and that the mid-point of the titration curve lies 
at approximately pH 7.7. It follows that hio/ku is of the order of 2 * 10-8 
M. Since the mean value of Ko./K z, which is k2/ki, is 2.5 & 10-4 M, 
and since k; can be taken as 4 X 108 liters per mole per minute, it can be 
estimated that kz = 10° min.“', kn = 6.35 X 10!° liters per mole per minute, 
and = 13 X 16 min.—! 

The points shown in Fig. 6, C for pH values greater than 8.5 suggest 
that the pK value for the second dissociation is of the order of 9.7. It 
follows that kig = 2 X 107' ky. If this substitution is made into Equa- 
tion 10 along with experimental values for V;/Ko and the values assigned 
to ki, ke, ku, and ki2, a unique solution for ki3 can be generated for each 
value of V;/Ko.? The mean value of ki; is 3.6 * 10" liters per mole per 
minute. The value of ky, is thus 7.2 * 10% min.-'. The curve shown in 
Fig. 6, C was calculated by substitution of the estimated values of all 
the constants into Equation 10. While the fit of this curve seems to be as 
good as the precision of the points, it must be pointed out that this is a 
test of consistency of the values of the various constants and not of their 
accuracy. 

The mechanism proposed in Fig. 8 implies that a proton is accepted from 
lactate by the unprotonated group on the enzyme surface when 
LDH-DPN - lactate is converted to LDH-DPNH-pyruvate. If this 
hypothesis is correct, the velocities of Reactions 3, 4, and 7 should be 
independent of the hydrogen ion concentration in the suspending medium. 
This point can be tested by considering that!® 


Ht? + kiki; Ht + ky + ky (12) 
kykis Ht ksky 


Since the pH-dependence of ks has been approximated, the first bracketed 
term on the right-hand side of Equation 12 can be calculated. If ks, ks, 


’ Since enzymatic reaction velocities are conveniently expressed in terms of re- 
ciprocal minutes, this time unit has been used for all the rate constants. 

® Since it has been indicated that it is probable that k,, appears in the numerator 
of Equation 10 with a coefficient of 1 only when the pH is approximately equal to 
the second pK of the enzyme, k,; was estimated from data for pH values greater 
than 8.0. 

10 If V; is taken as equal to ky, it follows that k7k;2 is much larger than k7k, + 
koki2. The latter terms were dropped from the definition of K, given in Equation 12. 
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and k; are true constants and do not vary with hydrogen ion concentration, 
the ratios of observed values of A, to the first bracketed term of Equa- 
tion 12 should be constant and equal to (44 + k7z)/k3k;7. Over the range 
of pH used in this study, the mean value of this quotient is 2.7 + 1.0 X 
10-7. Products of this value and of the values for the first bracketed 
term of Equation 12 were used to calculate the curve shown in Fig. 6, D. 
Further, since the ratio Ko,/K_z is essentially constant at all pH values, a 
curve which approximates the variation of Ao, with pH can be calculated 
in a similar way. 

While the scheme shown in Fig. 8 yields a consistent picture of the bind- 
ing of lactate by the LDH-DPN complex, the results from the pyruvate 
side of the reaction offer no clue to the mode of binding of pyruvate by 
the LDH-DPNH complex. If it is considered, however, that the in- 
hibition of the reaction by pyruvate arises from the binding of 2 separate 
molecules of pyruvate to two binding sites occupied by a single molecule 
of pyruvate in the active enzyme-substrate complex, the variation of the 
value of A, for pyruvate with pH can be taken as a partial measure of the 
forces binding pyruvate in the active complex. The text to Fig. 1 indi- 
cates that AK, increases rapidly with increasing pH values. It can be 
inferred that pyruvate is bound most strongly by the complex indicated 
in Fig. 7 as tETR. 

Taken together, these results suggest that a group with a pK of about 7, 
presumably the imidazolium ring of histidine, must be protonated for the 
conversion of pyruvate to lactate and unprotonated for the conversion 
of lactate to pyruvate. The inference that this group is the donor or 
acceptor of the proton which enters the reaction is strengthened by the 
conclusion that a proton does not participate in Reaction 3, 4, or 7 of 
Fig. 8. These conclusions suggest that the reaction can be described as a 
push-pull mechanism in which a hydride ion from DPNH is added to the 
a-carbon of pyruvate while a proton from a protonated imidazole ring is 
added to the carbonyl] oxygen. 

While the group on the enzyme surface which has a pK value of ap- 
proximately 10 could be the e-ammonium group of lysine, it seems more 
- probable, in view of the protection of the enzyme against the action of 
PCMB by both DPN and DPNH, that this is a sulfhydryl group. The 
importance of this group for the binding of DPNH and its lack of import- 
ance for the binding of DPN are consistent with the observation of Van Eys 
and Kaplan (19) that the two forms of the coenzyme are bound in quite 
different ways by yeast alcohol dehydrogenase. 


SUMMARY 


The variation with pH of the kinetic constants characterizing the re- 
versible reaction catalyzed by the crystalline lactic dehydrogenase (LDH) 
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of beef heart has been investigated. The kinetic behavior of this system 
is accounted for by a model in which the proton generated during the 
oxidation of lactate is accepted by an uncharged imidazole group on the 
enzyme surface, and the proton which must be supplied for the reduction 
of pyruvate is supplied by a charged imidazolium group. Further, an 
unionized sulfhydryl] is essential for the binding of lactate to the enzyme- 
diphosphopyridine nucleotide complex and for the binding of reduced 
diphosphopyridine nucleotide (DPNH) to the enzyme. The rate-limiting 
velocity in the forward direction of the over-all reaction is the rate of 
dissociation of the LDH-DPNH complex. The order of magnitude of 
the individual rate constants for the reaction between the various forms 
of the enzyme and the coenzymes has been indicated. 


A strongly pH-dependent pyruvate inhibition of the enzyme was ob- 


served. No optimum was found above pH 6 when the pyruvate concentra- 
tion was kept below the levels at which inhibition is important. 


Preliminary observations on the effects of anions on the reaction rate 


are reported. — 
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RIBONUCLEASE 


VII. PARTIAL PURIFICATION AND CHARACTERIZATION OF A 
RIBONUCLEASE INHIBITOR IN RAT LIVER 
SUPERNATANT FRACTION* 


By JAY 8S. ROTH 
Witrn THE TECHNICAL ASSISTANCE OF DorRotTHY BACHMURSKI AND LAURA INGLIS 


(From the William Goldman Isotope Laboratory, Department of Biological Chemistry, 
Hahnemann Medical College, Philadelphia, Pennsylvania) 


(Received for publication, September 18, 1957) 


In a previous report (1) some of the properties of an RNase! inhibitor 
occurring in the supernatant fraction prepared from rat liver were investi- 
gated, and the distribution of the inhibitor in various tissues of the rat was 
determined. In the present work, the inhibitor has been separated from the 
i- Nase! which also occurs in the supernatant fraction. Some of the prop- 
erties of the i-RNase are considered in the following paper. A new assay 
system for RNase inhibitor and i-RNase has been devised which allows a 
more certain assessment of the amounts of these substances present in 
various preparations. RNase inhibitor has been partially purified, and the 
action of various substances on the inhibitor, as well as some further prop- 
erties of it, is also examined in this report. 


Materials and Methods 


Preparation of Supernatant Fraction Containing RNase Inhibitor—Male 
Wistar strain rats weighing between 175 and 300 gm., obtained from the 
Wistar Institute, were used to supply the liver tissue. These rats were 
etherized and killed by heart puncture exsanguination, and the livers 
were removed, rinsed in ice-cold glass-distilled water, and weighed. They 
were then homogenized in 9 volumes of ice-cold glass-distilled water with 


* This research has been supported by grants from the American Cancer Society 
(No. P-53), the Damon Runyon Memorial Fund for Cancer Research, Inc. (No. 
DRG-320B), and the National Institutes of Health, National Cancer Institute (No. 
C-2312(C3)). A portion of this material was presented at the annual meeting of the 
Federation of American Societies for Experimental Biology at Chicago, April, 1957. 
For other papers in this series, see Roth (1) and Paper VIII. 

1 The abbreviations used are RNase, ribonuclease; i-RNase, inactive ribonuclease 
(this term i-RNase is used for the inactive enzyme with the understanding that it 
may actually be a complex between alkaline RNase and RNase inhibitor); RNA, 
ribonucleic acid; CMB, p-chloromercuribenzoic acid; ABC buffer, acetate, borate, 
cacodylate buffer; DNA, deoxyribonucleic acid; DNase, deoxyribonuclease; Tris, 
tris(hydroxymethyl)aminomethane. 
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use of a TenBroeck all-glass homogenizer which had a special close clear- in 
ance between the plunger and pestle.2. It has been observed that the in- th 
hibitor titers were often quite low when a loose fitting plunger was used. 60 
This may have been due to incomplete breakage of cells. Each homoge- ta 
nizer was used only about twenty times. The homogenate te centrifuged ” 


in a Spinco model L preparative ultracentrifuge at 60,000 X g for 65 min- | “™ 


utes. The supernatant fraction was removed and again centrifuged at hi 
60,000 X g for an additional 35 minutes. The supernatant fluid from the | of 
second centrifugation is the supernatant fraction referred to in the follow- | 1¢ 
ing experiments. OSL 


Assay for RNase Inhibitor and 1-RNase—It was recognized that the assay | tic 
system previously described (1) had several limitations, principally that | de 


th 
lOO th 
te 
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1O+ | | B 

O 0.08 0.16 0,24 

y RNase 
Fig. 1. Inhibition of increasing quantities of crystalline pancreatic RNase by ar 
RNase inhibitor. For an explanation, see the text. | ul 
at 
the range of concentrations of inhibitor that could be assessed was narrow, | _ Ppé 
and, that, if an enzyme-inhibitor complex existed, erroneous conclusions | fo 
as to inhibitor concentration might be reached. ie | 
The first efforts to devise a better assay system were based on attempts | bl 
to titrate a standard amount of RNase inhibitor with crystalline pancreatic | st 
RNase. When this was carried out, it was observed that the relationship ee 
between the amount of RNase added and the per cent inhibition was non- | ul 
linear. It was discovered, however, that, when the results were plotted | m 
on a semilogarithmic basis, the per cent inhibition on a logarithmic scale, | _ bl 
and the quantity of crystalline RNase on a linear scale, a straight line hi 
was obtained as, for example, Curve A in Tig. 1. Furthermore, when re 
different amounts of inhibitor were used, a family of straight lines, all of m 
identical slope, was obtained. Another such is Curve B in Fig. 1. When in 
the intercepts of the straight lines with an extension of the 50 per cent in 
as 


? Obtainable from the Kontes Glass Company or Ace Glass, Inc., Vineland, New 


Jersey. 


cr 
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inhibition line were dropped to intercept the abscissa, the intercepts on 
this scale were directly proportional to the amount of inhibitor in the 
solution. Thus, Curve A, showing 25 per cent inhibition of 0.1 y of crys- 
talline pancreatic RNase, contained 0.07 unit of inhibitor, while Curve B 
with 80 per cent inhibition of 0.1 y of pancreatic RNase contained 0.12 
unit of inhibitor. Numerous experiments with aliquots of the same in- 
hibitor solution showed very good proportionality for considerable ranges 
of inhibitor concentration and for inhibitions ranging from approximately 
10 to 95 per cent when 0.1 y of crystalline pancreatic RNase was used. 
Since the slopes of the curves obtained with different inhibitor concentra- 
tions were constant, it was apparent that only one point was necessary to 
determine the intercept with the 50 per cent inhibition line, and hence 
the RNase inhibitor concentration. To determine i-RNase, an aliquot of 
the solution is treated with 4 &K 10-4 m CMB and the RNase activity de- 
termined compared to a control without CMB. This concentration of 
CMB gives the maximal activation of 1-RNase. 


Directions for Assay of RNase Inhibitor and 1-RNase 


RNase Inhibitor—Duplicate tubes containing 1 ml. of 0.1 M Veronal- 
acetate buffer, pH 7.8, 0.45 ml. of water, and 0.5 ml. of a solution con- 
taining 0.1 y of crystalline pancreatic RNase in 0.1 per cent gelatin so- 
lution are set up (all RNase dilutions are in 0.1 per cent gelatin solution). 
To this is added, with thorough mixing, 0.05 ml. of RNase inhibitor prep- 
aration, followed by 1 ml. of 1 per cent RNA solution at zero time. RNA 
uniformly labeled with P® is generally used (2). The mixture is incubated 
at 37° in a water bath for 30 minutes, after which 3 ml. of 1 N HCl in 76 
per cent ethanol are added and the tube is well mixed and allowed to stand 
for 8 minutes. The mixture is filtered with the use of 9 cm. Whatman 
No. 42 filter paper, the funnels being covered with watch glasses. A 
blank containing all of the components but the RNase inhibitor is run 
simultaneously as well as a blank containing only buffer, water, and RNA. 
The radioactivities of the filtrates are determined. If unlabeled RNA is 
utilized, the absorption at 260 mu of a 1:50 dilution of the filtrate may be 
measured; use of absorption measurements necessitates running tissue 
blanks in which all components but RNA are present. The per cent in- 
hibition of the RNase is calculated. The inhibitor concentration may be 
read directly from a graph such as that in Fig. 1, or from a table, which 
may be constructed from the graph, relating per cent inhibition to RNase 
inhibitor concentration. Corrections for any RNase activity of the RNase 
inhibitor preparation may be made from the blank used in the i-RNase 
assay described below. Generally, there is no activity present in such 
preparations. It should be noted that the inhibitor units are actually 
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the micrograms of crystalline pancreatic RNase that are 50 per cent in- 
hibited by the particular preparation being tested and, thus, they have 
real rather than arbitrary dimensions. For assay of unpurified rat liver 
supernatant fractions, an aliquot of 0.1 ml. instead of 0.05 ml. is usually 
employed; this is true also when i-RNase in unpurified supernatant frac- 
tion is assayed. The order of addition of the components is critical. RNA 
must always be added last after RNase inhibitor and crystalline pancreatic 
RNase have been mixed. 

i-RNase—This assay is run simultaneously with the one for RNase in- 
hibitor except where it is known that there is no i-RNase present. Du- 
plicate tubes containing 1 ml. of 0.1 mM Veronal-acetate buffer, pH 7.8, 
0.83 ml. of water, and 0.12 ml. of 0.01 m CMB neutralized to pH 8.2 are 
set up, and 0.05 ml. of the same preparation used in the inhibitor assay 
is added. Finally, 1 ml. of 1 per cent P-labeled RNA is added at zero 
time. Blanks consist of duplicate tubes with water substituted for the 
CMB. The tubes are incubated in a water bath at 37° for 30 minutes, 
and then the unhydrolyzed RNA is precipitated and removed by filtration 
as above. The i-RNase activity is the difference in activity between the 
CMB-treated and the untreated preparation. It may be expressed in 
several ways, either as counts per minute in the filtrate, where relative 
activities suffice, or as the activity compared to that of 0.015 y of crys- 
talline pancreatic RNase which is assayed at the same time. Nitrogen 
contents of the various samples tested were determined by the micro- 
Kjeldahl method or by calculation after determination of protein by a 
modified biuret reaction. The latter method was used whenever am- 
monium sulfate was likely to be present. Specific activities are expressed 
as activity per mg. of nitrogen. 

The distribution of RNase inhibitor in various tissues of the rat pre- 
viously reported (1), as well as the activities of RNase inhibitor in 
x-irradiated (3) and carcinogen-fed rats (4), should be reexamined with the 
use of the new method of assay. 

Purification of RNase Inhibitor—60 ml. of rat liver supernatant fraction 
prepared as described above, are treated with solid ammonium sulfate 
(12.54 gm.) to 35 per cent saturation. All operations are conducted at 
0°. The precipitate is removed by centrifugation at 60,000 < g for 20 
minutes and discarded. Ammonium sulfate is added to the supernatant 
fluid to 55 per cent saturation (8.52 gm.), and the mixture is stirred and 
centrifuged at 60,000 X g for 20 minutes. The tan-colored precipitate 
contains almost all of the activity of RNase inhibitor and i-RNase of the 
original supernatant fraction. Salt fractionation under these conditions 
does not separate RNase inhibitor from i-RNase. The centrifuge tubes 
containing the 55 per cent precipitate are inverted to drain thoroughly, 
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and the precipitate is dissolved in 20 ml. of ice-cold glass-distilled water. 
It dissolves completely, giving a golden yellow solution. To this are added 
3.6 gm. of calcium phosphate gel, and the mixture is thoroughly stirred 
and allowed to stand in ice for 15 minutes, after which the gel is centrifuged 
at 15,000 * g for 15 minutes. The supernatant fluid from the gel con- 
tains 90 to 100 per cent of the i-RNase and little or no RNase inhibitor. 
The RNase inhibitor, which is absorbed on the gel, is eluted by the use of 
9 to 10 ml. of ice-cold 0.2 mM phosphate buffer, pH 7.3. The eluted gel is 
removed by centrifugation; the eluate containing RNase inhibitor is also 
colored yellow. 

The results of a typical purification experiment are shown in Table I. 
In a series of twenty purification experiments the specific activities of the 


TABLE I 
Purification of Ribonuclease Inhibitor 
Fraction Activity | Recovery Specific activity 
writ fer | percent | | 

Original fraction...........| 0.047 0.076* 6.2 
55% ppt.. ; 0.116 82 0.098 11.9 
Supernatant fi rom caleium phosphate g eel. 0.002 0.039 Negligible 
Kluate of calcium ..| 0.122 44 0.029 42.0 
55% ppt. of eluate. . 28 0.037 32.1 


* Calculated from protein values determined by the biuret method and assuming 
16 per cent nitrogen in protein. 


eluate ranged from 20 to 50 units per mg. of N; the purification factor 
ranging from 5 to 10 times that of the original supernatant fraction. The 
data in Table I show that the separation of RNase inhibitor from i-RNase, 
under the conditions described, is fairly complete. 

It is essential to maintain the protein concentration at a fairly high 
level during the purification of RNase inhibitor. Dilution with water or 
(.25 mM sucrose solution causes considerable loss of inhibitor activity. 
It may be for this reason that the inhibitor has been overlooked by other 
investigators,’ for if, in the preparation of cell fractions, the washings from 
the various fractions are combined to form a large volume of supernatant 
fraction, the dilution may become great enough to obscure completely the 
action of the inhibitor. The data in Table I indicate a 44 per cent re- 
covery of RNase inhibitor in the eluate from the calcium phosphate gel. 
A further precipitation by 55 per cent saturation with ammonium sulfate, 
as illustrated in the last line of Table I, not only fails to increase the spe- 


3 Gaston de Lamirande, personal communication. 
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cific activity of the preparation but results in considerable further loss of 
inhibitor. It was observed that the elution process, as presently carried 
out, removes all of the protein absorbed by the gel. It is possible that 
solvents may be found that will selectively remove RNase inhibitor. 


Results 


Stability of RNase Inhibitor during Preservation—Storage of the super- 
natant fraction of rat liver at —15° in the frozen state retained inhibitor 
activity unchanged for at least a month. Under the same conditions the 
55 per cent precipitate lost 25 to 30 per cent of its initial activity on freez- 
ing but then remained unchanged thereafter. Storage at 0° led to a rapid 


% OF ORIGINAL ACTIVITY 


DAYS 


Fig. 2. The effect of storage at 0° on the activity of RNase inhibitor in various 
preparations. The italicized numbers represent different experiments. @, solution 
of 55 per cent precipitate; O, rat liver supernatant fraction. 


decline in activity as illustrated in Fig. 2. Occasionally there was little 
change in the first 24 hours. Lyophilization under optimal conditions 
permitted retention of 60 to 75 per cent of the initial activity of RNase 
inhibitor in solutions of the 55 per cent precipitate. A considerable quan- 
tity of protein was rendered insoluble by this treatment. At present 
frozen supernatant fraction is employed for studies on RNase inhibitor. 
i-RNase is not appreciably affected by any of the above treatments. 
Inactivation of RNase Inhibitor by Polysaccharide from Yeast and by 
RNA—lIt had been noted in some early work (1) that very low inhibitor 
activities were observed in certain experiments. Normally 0.1 ml. of 
supernatant fraction from rat liver gives 70 to 90 per cent inhibition of 
0.015 y of crystalline pancreatic RNase, but occasionally the range of in- 
hibition, under the same conditions, was 20 to 30 per cent, or perhaps 40 
to 60 per cent. Extensive investigation showed that these inconsistencies 
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were not related either to the physiological state of the animal, the method 
of preparation of the supernatant fraction, or the reagents used. At this 
time, the RNA preparations employed as substrate for the assays contained 
a quantity of insoluble material which varied in amount from preparation 
to preparation. This insoluble residue could be easily removed by centrif- 
ugation of the RNA solution at 60,000 X g for 25 to 30 minutes, during 
which it formed a gelatinous precipitate. This precipitate could be purified 
by washing and recentrifugation to give a white, fluffy amorphous solid. 
It contained only traces of nitrogen and phosphorus, no P*® activity, and, 
upon hydrolysis with dilute sulfuric acid, gave an intense color in the 
anthrone reaction for a reducing sugar. It seems possible that this ma- 


TABLE II 


Effect of Order of Addition of Reagents and Presence of Yeast 
Polysaccharide on Activity of Ribonuclease Inhibitor 


Condition.* and order of addition Inhibitor unit Change from control 
per cent 
RNA + polysaccharide, inhibitor, 0.1 y RNase.. 0.002 —97.5 
Inhibitor, 0.1 y RNase, RNA + vctuoaaceneet 0.014 —82.5 
RNA, 0.1 y RNase... 0.007 —91.2 
0.1 RNase, RNA (control). 5 0.080 | 


* The RNase inhibitor used was 0.05 ml. of a solution of 55 per cent precipitate 
preparation. The assay procedure was the same as that described under ‘‘Mate- 
rials and methods.’? RNA, which had been incubated with polysaccharide for 
over 1 week, was used in Experiments 1 and 2, while the identical preparation of 
RNA without the polysaccharide was used in Experiments 3 and 4. Samples were 
incubated for 10 minutes at room temperature before the final incubation in the 
water bath. 


terial is similar to, or identical with, one of the insoluble polysaccharides 
isolated from yeast by Salkowski (5), probably the glucan. The poly- 
saccharide, even in large amounts, had no effect on RNase activity. 

After numerous experiments, it was demonstrated that the action of 
RNase inhibitor could be prevented by (a) the combination of RNA with 
inhibitor, and (b) a slow reaction between RNA and the yeast polysaccha- 
ride. The results of a typical experiment are given in Table IL in which 
the experimental details are also described. It may be seen that the pres- 
ence of the polysaccharide, when suitably incubated with the RNA, gave 
82.5 per cent inactivation of the inhibitor, whereas, when RNase inhibitor 
is incubated first with RNA (reverse of the normal order of addition), the 
inactivation of the inhibitor was 91.2 per cent. When both factors op- 
erated together, the effect was somewhat additive, resulting in 97.5 per 
cent inactivation of the inhibitor. 
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The mechanism of these actions is obscure at present. The finding 
that the order of addition is of such paramount importance suggests that 
RNA combines readily with the inhibitor, perhaps through groups that 
do not interfere with the subsequent degradation of the RNA by crystalline 
pancreatic RNase but which effectively prevent the combination of inhib- 
itor with RNase. In this connection it would be of interest to study the 
interaction of modified RNA preparations or of DNA with RNase inhib- 
itor. Although preliminary experiments have indicated that RNase in- 
hibitor has no action on DNase, DNA, in a manner similar to RNA, may 
inhibit the action of RNase inhibitor. It is also possible that rat liver 


TABLE III 
Effect of Pb**+ and CMB on Ribonuclease Inhibitor 
Conditions* Inhibitor unit Inactivation 
per cent i 

Untreated RNase inhibitor (control).............. 0.081 
Inhibitor + 4 KX 10°*M CMB..................... 0 100 


* Aliquots of RNase inhibitor in the form of a solution of the 55 per cent precipi- 
tate were incubated with the 4 X 10-‘m CMB or Pb** for 10 minutes at 0°. Hydro- 
gen sulfide gas was then passed through the solution for 10 minutes, followed by 
purified nitrogen gas, until all the hydrogen sulfide was removed. The control was 
treated similarly except for the addition of the sulfhydryl reactants. Hydrogen 
sulfide or the sulfhydryl reactants had no effect on the activity of crystalline pan- 
creatic RNase used in the assay for RNase inhibitor. 


RNA would not react with RNase inhibitor; this is being tested. Fur- 
ther study of these reactions is continuing in the hope that it may lead to 
an understanding of the mechanisms of action, not only of RNase inhib- 
itor but also of RNase on RNA. 

Effect of Sulfhydryl Reactants on RNase Inhibitor—Since it has been dem- 
onstrated that certain sulfhydryl reactants release RNase from combi- 
nation with RNase inhibitor (1), the action of these reagents on the inhibitor 
is of considerable interest. 

The results of a typical experiment in which the action of lead acetate 
and CMB on RNase inhibitor was observed are given in Table III, and the 
experimental details are also described. Consideration of the data indi- 
cates that the inactivation of RNase inhibitor by CMB is not reversed when 
the CMB is removed by saturation with hydrogen sulfide gas. Addition of 
cysteine also has no effect. However, the inactivation caused by Pb*t 
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may be nearly completely reversed by subsequent removal of the Pbtt 
by hydrogen sulfide. In other experiments the reversal was not as com- 
plete as in that illustrated in Table III. The presence of i-RNase in the 
55 per cent precipitate used in these experiments complicates the situation 
somewhat, and it would probably be advantageous to use the calcium phos- 
phate gel eluate, which contains only RNase inhibitor, in these studies. 
The reversible inactivation of RNase inhibitor by sulfhydryl reactants 
suggests that free —SH groups are essential for its activity. This does 


TaBLE IV 
Effect of Various Buffers and Ionic Strength on Ribonuclease Inhibitor 
The values are the average of two separate experiments. 


Buffer* Amount Inhibitor unit —— 
M 

Veronal-acetate (control).......... 0.10 0.085 97 

Veronal-acetate................... 0.10 0.081 


* All buffers were pH 7.80 + 0.05. The assay system was identical with that 
described under ‘‘Materials and methods.’’ A solution of the 55 per cent precipitate 
was used in the above experiments. 

t Relative RNase activity is the activity of 0.1 y of crystalline pancreatic RNase 
with the different buffers on a comparative basis. 


not necessarily mean that combination of inhibitor with RNase takes 
place through a sulfhydryl linkage; in fact, crystalline pancreatic RNase, 
which combines readily with the inhibitor, has been shown to contain no 
free —SH groups (6). Additional experiments concerning the action of 
sulfhydryl reactants on i-RNase are described in Paper VIII of this series. 

Effect of Various Buffers and Ionic Strength on RNase Inhilitor—In 
order to determine more about the optimal conditions for the action of 
RNase inhibitor, the effect of various buffers and changes in ionic strength 
were studied (Table IV). Inspection of the data reveals that ABC buffer 
and phosphate buffer give the highest inhibitor titers, and Veronal-acetate 
and Tris give lower titers. Since the inhibitor titer is dependent on the 
inhibition of added crystalline pancreatic RNase, a depressing effect of the 
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buffer on the enzyme alone would result in a higher inhibitor titer. This 
is what has happened in the case of ABC buffer. With 0.1 m Veronal- 
acetate, phosphate, or Tris buffers, however, RNase activity is relatively 
unaffected by the buffer so that differences in the inhibitor titers in these 
three cases represent effects of the buffer on RNase inhibitor or on its 
reaction with RNase. Since the ionic strength of these three buffers is not 
the same, the changes observed may be related to ionic strength, partic- 
ularly since phosphate, with the highest ionic strength, gives the highest 
inhibitor titer. Examination of the data ‘1 the lower half of Table IV 
indicates that this is not so, since with increasing ionic strength inhibitor 
titers fall off and then rise again. ‘The rise that occurs with concentrations 
of phosphate greater than 0.1 M is occasioned, however, mostly by a det- 
rimental effect of high ionic strength on the activity of crystalline pan- 
creatic RNase; an increase from 0.1 to 0.2 m causes a 17 per cent drop in 
RNase activity. The results in Table IV suggest that the use of 0.01 m 
phosphate buffer, pH 7.8, would probably be preferential to the present 
use of 0.1 M Veronal-acetate at the same pH. 


DISCUSSION 


RNase inhibitor appears to have a widespread occurrence (1, 7), but 
its physiological role is unknown at present. One might conjecture that 
its function is to inactivate any RNase that diffuses out of the mitochondria 
or lysosomes during the life of the cell. This could occur since alkaline 
RNase of rat liver is probably a small molecule capable of diffusing through 
membranes under certain conditions (8). If this hypothesis is correct, 
one might expect a fairly steady increase in the amount of i-RNase during 
the aging of the organism. 

It is also possible that RNase inhibitor plays a part in the changes that 
take place during cell division. Jacobson and Webb (9) have demonstrated 
histologically an RNA or ribonucleoprotein coating on chromosomes which 
disappears during certain stages of division. In addition, the division 
process coincides with a large increase in the sulfhydryl content of the cell 
(10). <A release of RNase from inhibitor would give rise to an increase 
in —SH groups; the released RNase would then be available to degrade 
the RNA or ribonucleoprotein coating the chromosomes. Considerable 
additional work must be done to study RNase inhibitor and i-RNase during 
various physiological changes in the organism before the question of the 
function of these substances can be answered. The specificity of RNase 
inhibitor is another question of considerable interest. Different tissues 
from the same animal contain different RNases (11), and a variety of 
RNases has been isolated from plant and animal sources. Also, an RNase 
inhibitor has been isolated from plant sources (12) but it is a thermostable, 
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dialyzable substance and therefore completely different from the RNase 
inhibitor in rat liver. The cross-reactions of different enzymes and in- 
hibitors are being studied. 


SUMMARY 


1. Ribonuclease (RNase) inhibitor in rat liver supernatant fraction has 
been purified up to 10-fold and separated from inactive ribonuclease 
(i-RNase) by a combination of salt precipitation and calcium phosphate 
gel treatment. 

2. A new assay system for RNase inhibitor and i-RNase has been de- 
vised which gives a more certain indication of the amounts of these sub- 
stances in a preparation, allowing also determination of a wider range of 
concentrations. 

3. The stability of various inhibitor preparations to storage under dif- 
ferent conditions has been examined. 

4. RNase inhibitor was found to be inactivated when incubated with 
ribonucleic acid, or under certain conditions in the presence of an insoluble 
polysaccharide isolated from yeast. 

5. The effect of p-chloromercuribenzoate and Pb*+t on RNase inhibitor 
was determined. Both reagents inactivate the inhibitor; only the in- 
activation by Pb** is partly reversible. 

6. The effects of several buffers and changes in ionic strength on the 
activity of RNase inhibitor were examined. Phosphate buffer of low 
ionic strength was found to be most favorable to the reaction. 
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RIBONUCLEASE 


VIII. STUDIES ON THE INACTIVE RIBONUCLEASE IN THE 
SUPERNATANT FRACTION OF RAT LIVER* 


By JAY S. ROTH 
WITH THE TECHNICAL ASSISTANCE OF LAURA INGLIS AND DorotHoy BACHMURSKI 


(From the William Goldman Isotope Laboratory, Department of Biological Chemistry, 
Hahnemann Medical College, Philadelphia, Pennsylvania) 


(Received for publication, September 18, 1957) 


In Paper VII (1), some of the properties of an RNase! inhibitor which 
occurs in rat liver supernatant fraction were described. Also present in 
rat liver supernatant fraction is an inactive RNase (i-RNase’) which can be 
activated by treatment with sulfhydryl reactants (2). In this report some 
properties of the purified inactive and active enzyme have been examined, 
and additional methods of activation are described. In view of the avail- 
able evidence, it appears likely that the i-RNase is a complex of alkaline 
RNase and RNase inhibitor. 


Materials and Methods 


Rat liver supernatant fraction containing i-RNase was prepared as de- 
scribed in Paper VII of this series, and the purification of i-RNase is given 
below. The assay for i-RNase is also described in Paper VII. Since it had 
been shown in this work that i-RNase is remarkably stable in different 
preparations under a wide variety of storage conditions, the starting ma- 
terial for the purification was usually frozen rat liver supernatant fraction. 
CMB used in these experiments was prepared as 0.01 m solution and ad- 
justed to pH 8.2. Solutions of lead acetate, also 0.01 mM, were prepared 
fresh just before use. 

Purification of i-RNase—The initial steps in the procedure are exactly as 
described for RNase inhibitor (1). The supernatant fluid from the cal- 


* This research has been supported by grants from the American Cancer Society 
(No. P-53), the Damon Runyon Memorial Fund for Cancer Research, Inc. (No. 
DRG-320B), and the National Institutes of Health, National Cancer Society (No. 
C-2312 (C3)). A portion of this material was presented at the annual meeting of the 
Federation of the American Societies for Experimental Biology at Chicago, April, 
1957. For other papers in this series see paper VII (1). 

1 The abbreviations used are RNase, ribonuclease; i-RNase, inactive ribonuclease 
(this term i-RNase is used for the inactive enzyme with the understanding that it 
may actually be a complex between alkaline RNase and RNase inhibitor); RNA, 
ribonucleic acid; CMB, p-chloromercuribenzoic acid; IA, iodoacetamide; CMS, 
p-chloromercuribenzenesulfonic acid. 
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cium phosphate gel treatment is adjusted to pH 5.0 by the addition of di- 
lute hydrochloric acid. It is then heated at 65° for 5 minutes? and cooled 
in ice, and the heavy coagulum is removed by centrifugation at 15,000 x 
g for 15 minutes. 

The results of a complete purification procedure are illustrated in Table 
I. The recovery of activity was quite good, amounting to 46 per cent in 
this particular preparation. Usually, the increase in specific activity was 
from 20- to 25-fold. It is to be noted that the preparations consist of 
i-RNase up to the last step, but that the material obtained in this last step 
is active RNase. The addition of 4 X 10-4 m CMB does not increase the 
activity of the heated enzyme, since the heat treatment resulted in the 
maximal release of RNase activity. Further studies on the effect of heat 
treatment are described below. 


Results 


Effect of Sulfhydryl Reactants on i-RNase—The addition of certain sulf- 
hydryl reactants to i-RNase preparations results in the release of RNase 
activity. In Fig. 1, the effects of several of these reactants are illustrated. 
The experimental details are given in connection with Fig.1. Examination 
of the data indicates that the most effective reagent of those studied is 
Pbt; as little as 1 K 10-* m has an observable action in releasing RNase 
activity. As the concentration of Pb*+* increases, there is a rapid rise in 
the amount of RNase activity released, the maximal release occurring at a 
concentration of approximately 6 X 10-* mM or above. CMB is also effec- 
tive inreleasing RNase activity, about 8 K 10-5 m being required to achieve 
maximal release of activity. CMS follows very closely the curve for CMB 
and is not illustrated. It should be noted that the plateau level is the 


TABLE I 


Purification of Inactive Ribonuclease 


Preparation Activity* Recovery | Purification 
mg. er per cent 
Rat liver supernatant fraction....| 6,470 1.13 5,720 
55% ppt.. ee 9,680 1.12 8,650 75 1.5 
Supernatant ‘fluid from ealeium 
phosphate gel. . ...| 14,180 0.51 27 , 800 73 4.9 
Heated supernatant Suid... .| 11,820t | 0.093 | 127,100 46 22.3 


* After treatment with 4 K 10-4 m CMB. 
+ Without treatment with CMB. 


2 Heating produces active enzyme. 


See Table I and Fig. 2. 
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same, no matter which of these three reagents is utilized, suggesting that 
the release is complete provided that the optimal concentration of the rea- 
gent is supplied. High concentrations of CMB (0.01 to 0.05 M) appear 
to inhibit the released alkaline RNase somewhat, but this does not oc- 
cur with higher concentrations of CMS. High concentrations of Pb** 
dissolve or dissociate the RNA and therefore cause complications in the 
assay. Arsenosobenzene is much less effective than CMB or CMS and 
even the highest concentrations used did not give the maximal possible re- 
lease of RNase activity, while IA had only a slight action. Several other 
reagents were tested for their ability to release RNase activity from 
i-RNase. These included dilute solutions of hydrogen peroxide and oxi- 
dized glutathione. Under the conditions utilized, however, no activation 
was observed. 


CMB 
(CMS) PAO 
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MOLAR CONC. OF INHIBITOR X IO 


RELEASE OF RIBONUCLEASE ACTIVITY 


Fig. 1. The effect of sulfhydryl reactants on the release of inactive RNase. An 
aliquot of 0.05 ml. of a solution of the 55 per cent precipitate was used for each con- 
centration of sulfhydryl reactant. The i-RNase and the sulfhydryl reactant were 
incubated for 10 minutes at 21° before the assay for RNase was started. Duplicate 
tubes containing 1 ml. of Veronal-acetate buffer 0.1 mM at pH 7.8, 0.83 ml. of water, 
and 0.12 ml. of the appropriate concentration of sulfhydryl reactant were prepared. 
The aliquot of 0.05 ml. of the 55 per cent precipitate containing the i-RNase was 
added, and 10 minutes later 1 ml. of 1 per cent yeast RNA solution, the RNA uni- 
formly labeled with P*?, was added. The solutions were incubated in a water bath 
at 37° for 30 minutes, and then 3 ml. of 1 N HCl in 76 per cent ethanol were added, 
and the solution was thoroughly mixed and allowed to stand for 8 minutes. The mix- 
ture was filtered through 9 em. Whatman No. 42 filter paper with use of watch glasses 
to cover the funnels. Suitable blanks without enzyme were run simultaneously. 
The radioactivities of the filtrates, when corrected for the blank, are proportional to 
the RNase activity and are plotted as ordinates in Fig. 1. PAO denotes arsenoso- 
benzene. 
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Somewhat different experimental conditions were employed to determine 
whether the release of i-RNase by sulfhydryl reactants was reversible; 
that is, whether, after release of RNase had been effected by Pbt** or 
CMB, the combination of RNase with inhibitor would occur again when 
substances such as cysteine or glutathione were added in excess. One 
type of experiment is described in Table II. It is evident from these data 
that hydrogen sulfide reversed the activation of i-RNase by CMB and 
Pb** to the extent of 85 and 100 per cent, respectively. Hydrogen sul- 
fide had no effect on the RNase activity or inhibitor present in the prepa- 
ration used in this experiment. In another type of experiment which em- 


TaBLeE II 
Effect of Pb** and CMB on Inactive Ribonuclease 
Conditions Activity Change from control 
c.p.m. per cent 
55% ppt. (blank).. 23 
55% + CMB (control). . 2016 
55% + CMB + HS. Weg 306 —85.0 
55% + + 55 — 100.0 
55% “ +CMB+ “+ CMB.. 1794 —10.0 


Aliquots of a solution of 55 per cent precipitate were incubated with 4 X 10-4 mM 
Pb*+* or CMB for 10 minutes at 0°. Samples were removed from each for analysis 
(controls above). Then hydrogen sulfide was passed through the solution until 
saturation was reached, after which nitrogen gas was bubbled through until the 
odor of hydrogen sulfide was gone. Samples were again taken for analysis of i-RNase 
activity. Finally CMB was again added to the hydrogen sulfide-treated solutions 
and assays for i-RNase were carried out. 


ployed more dilute solutions, cysteine failed to reverse the inactivation of 
inhibitor by CMB. 

Effect of Heating on 1-RNase—Studies of the heat stability of purified 
i-RNase solutions were made with the use of i-RNase which had been 
separated from RNase inhibitor. Aliquots of the solution were heated for 
5 minutes at various temperatures and cooled in ice. Heating was car- 
ried out after adjustment of the pH of the i-RNase solution, which was 
originally pH 7.2, to 7.0 or 5.0. The RNase activity was assayed after the 
addition of 4 X 10-4 Mm CMB. In general, the results were similar to 
those obtained with alkaline RNase of mitochondria (3) or with crystal- 
line pancreatic RNase. At either pH 5.0 or 7.0, there was little change in 
activity up to and including 65°. Above 65°, the activity of the solution 
heated at pH 7.0 declined rapidly; at 75°, only 30 to 40 per cent of the 
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original activity remained. The i-RNase heated at pH 5.0 was more 
stable; at 75°, 70 to 80 per cent of the original activity was recovered. 
In one experiment, activation of the heated i-RNase by CMB was in- 
advertently omitted. It was observed, however, that heat alone activa- 
ted the i-R Nase, as illustrated in Fig. 2. The maximal activation at pH 
5.05 occurred at 65°, and at pH 7.0 at 68°. Activation at pH 7.0 was in all 
cases lower than at pH 5.05, and at the latter pH the maximal activation 
was the same as that obtained with CMB, suggesting that activation by 
heating under these conditions was maximal or complete. In no case has 
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Fig. 2. The activation of i-RNase by heating. Aliquots of the supernatant fluid 
from the calcium phosphate gel treatment were adjusted to pH 5.05 and 7.00 by care- 
ful addition of HCl. Portions of the adjusted solutions were then heated at various 
temperatures up to 75° for 5 minutes in a water bath. They were cooled in ice and 
0.2 ml. aliquots were assayed for RNase activity, as described under Fig. 1. O, 
heated at pH 5.05; @, heated at pH 7.00. 1640 c.p.m. represents the activity ob- 
tained by treatment of a 0.2 ml. aliquot with 4 X 10-4 m CMB. 


greater activation of i-RNase been achieved than that obtained with 4 X 
10-4 m CMB, whether heat or acid treatment is used. Since 80 to 90 per 
cent of the protein in the solution is coagulated by this heat treatment, a 
considerable purification of the enzyme is achieved by this process. There 
is some loss of enzyme, but this is small. 

Determination of pH Optimum of Activated i-RNase—Aliquots of the pu- 
rified i-R Nase preparation were assayed for RNase activity in the presence 
of Veronal-acetate buffers of different pH values after activation with 4 X 
10-*m CMB. The results of a typical experiment are shown in Fig. 3. A 
sharp pH optimum was observed at pH 7.80 with a rapid decline in ac- 
tivity occurring on the acid side of this optimum. There are two signifi- 
cant points of difference between this curve and the pH optimal curve for 
rat liver mitochondrial alkaline RNase (3). The latter exhibits a pH 
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optimum at 7.6 and retains considerably more activity at pH 5.8 than 
the activated i-RNase, 50 per cent as compared to 15 per cent in the ex- 
ample in Fig. 3. Although these differences are far from conclusive, they 
suggest that alkaline RNase of rat liver mitochondria and supernatant frac- 
tion may be different enzymes. 

Activation of i-RNase by Hydrogen Ion—Previous work (2, 3) had in- 
dicated that i-RNase could be activated by treatment with 0.25 m sul- 
furic acid at 0° for 14 to 18 hours. This procedure destroys RNase in- 


4 


% OF MAXIMUM ACTIVITY 


pH 

Fig. 3. The optimal pH of i-RNase. Duplicate test tubes, containing 1 ml. of 
Veronal-acetate buffer, 0.1 M, ranging from pH 4.42 to 8.05, were set up, and 0.1 ml. 
of i-RNase preparation (supernatant fluid from the calcium phosphate gel treatment) 
was added to each, followed by 0.12 ml. of 0.01 mM CMB. 1 ml. of 1 per cent solution 
of uniformly labeled RNA was added at zero time, and the tubes were incubated at 
37° for 30 minutes. The radioactivity of the filtrates was determined as described 
under Fig. 1. The values at each pH were calculated as the per cent of the maximal 
value, which was at pH 7.80. 


hibitor. The effect of hydrogen ion on the conversion of i-RNase to the 
active enzyme was studied under several conditions of hydrogen ion con- 
centration and temperature. The results of a typical experiment are 
shown in Fig. 4. Treatment with 0.05 m HCl for 10 minutes at 25° 
converts more than two-thirds of the inactive enzyme to the active form. 
The pH of this solution was 2.3. A slow linear rise occurred after this un- 
til at 60 minutes the conversion to the active enzyme was almost complete. 
Apparently, there is an initial fast reaction which occurs on mixing the 
i-RNase with acid. At 0° and the same pH, the reaction was slower and 
did not seem to follow a simple kinetic relationship. In this particular ex- 
periment, also, there was no evidence for an initial fast reaction. In no 
case has activation by acid, even for long periods of time, exceeded that 
obtained with the optimal quantity of CMB, but in many instances the 
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same activity has been obtained. In another experiment, run similarly at 
0° and pH 2.6, there was an initial sharp rise to about 50 per cent activa- 
tion, followed by a linear rise to about 90 per cent activation during the 
next 60 minutes. From these results, it is apparent that lengthy treat- 
ment with 0.25 m sulfuric acid is not necessary to convert i-RNase to the 
active form. 60 minutes at pH 2 and 0° effects complete or nearly com- 
plete conversion, and the process can be speeded by slightly lower pH 
values or higher temperatures. There is a considerable precipitate formed 
in the preparation when the pH is lowered under these conditions, indi- 
cating denaturation of other proteins. 


# 4000 
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i020 30 40 50 60 


MINUTES 

Fig. 4. The effect of hydrogen ion on i-RNase. @, activity of i-RNase, pH 2.30 
at 25°; O, activity of i-RNase, pH 2.30 at 0°. 5 ml. of a preparation of i-RNase 
(supernatant fluid from the calcium phosphate gel treatment) were mixed with 4 ml. 
of water and 1 ml. of 0.1 N HCl. Samples were removed at 10 minute intervals, neu- 
tralized quickly to pH 7.00 + 0.05, and assayed for RNase activity as described under 
Fig. 1. The horizontal dotted line is the activity of a sample, untreated with acid, 
in the presence of 4 X 10-*m CMB. 


DISCUSSION 


It has been known for many years that inactive forms of enzymes may 
occur in cells. Probably the earliest of these discoveries was that of the 
pancreatic enzyme precursors such as trypsinogen and pepsinogen. In- 
active forms of many other enzymes have been described. In a recent 
review of the significance of heat-activated enzymes, Swartz et al. (4) 
have taken several illustrations from microbiological forms. They have 
studied enzyme-inhibitor systems from Proteus vulgaris and other bacteria, 
which resemble the RNase, RNase-inhibitor system in many respects. 
Thus, P. vulgaris sonic preparations contain a diphosphopyridine nucleo- 
tide pyrophosphatase and 5’-nucleotidase, in inactive forms, bound to an 
inhibitor which is destroyed by boiling, with liberation of the free enzyme. 
In this case, sonic preparations of the bacteria contain roughly a 50 per 
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cent excess of free inhibitor. The protein inhibitor, either in the free state 
or bound to enzyme, is destroyed by treatment at pH 1 or 2 for 10 minutes 
at room temperature. These results are similar to those obtained with 
RNase inhibitor. The protein inhibitors described by Swartz et al. are 
species-specific and not affected by RNase. The authors suggest that the 
behavior to acid and heating indicates a salt type linkage between the en- 
zyme and inhibitor. This type of linkage may also occur in the RNase 
inhibitor system, but it is of interest to recall that in this system a sulf- 
hydryl grouping is involved. This is, apparently, the first instance in 
which an enzyme-inhibitor combination is dependent on this type of link- 
age. Since crystalline pancreatic RNase does not contain free —SH 
groups, the —SH group of the inhibitor may be involved in salt forma- 
tion to a basic group in RNase, and in RNA when the latter combines with 
inhibitor. The sulfhydryl nature of the complex may also be related in 
some way to its physiological function. 

That i-RNase is actually a complex between alkaline RNase and RNase 
inhibitor seems likely since, in preliminary experiments,’ it has been pos- 
sible to isolate RNase inhibitor from purified i-RNase preparations. This 
was accomplished by treating the i-RNase with Pbt* which releases 
RNase from combination with RNase inhibitor, absorbing the RNase in- 
hibitor on calcium phosphate gel and then eluting as previously described. 
In this way considerable amounts of inhibitor were recovered from solu- 
tions of i-RNase which before treatment with Pb*+* contained no detectable 
inhibitor. 

With respect to i-RNase, de Duve and coworkers (5), as the result of 
their studies on the distribution of various enzymes in cell fractions, have 
suggested that RNase of the liver cell, along with other hydrolytic en- 
zymes, occurs in a particle they name lysosome which ordinarily separates 
with the mitochondria but is distinctly different from it. There is some 
evidence for the existence of this particle within the intact cell from elec- 
tron microscope studies. Wattiaux and de Duve further postulate (6) 
that, when this particle breaks down, the active hydrolytic enzymes, in- 
cluding RNase, are released. Thus, they find that treatment of mito- 
chondria with water, Triton X-100, and by repeated freezing and thawing 
gives considerable increases in RNase activity. The results of de Duve and 
coworkers, with respect to RNase activities, are subject, however, to the 
criticism that their assay procedure by utilizing pH 5.0 fails to examine 
what is happening to alkaline RNase; secondly, pH 5.0 is not the opti- 
mal pH for acid RNase, and is capable of causing a slow conversion of 
i-RNase to the active enzyme, particularly at room temperature or at 37°. 
Furthermore, these authors, as well as others (7), in examining the RNase 


3 J. S. Roth, unpublished data. 
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activity of the cytoplasm, fail to take into account the complex relation- 
ships that exist between RNase inhibitor and i-RNase and what the effects 
their experimental procedures may be on these relationships. It should be 
noted, however, that we have demonstrated the occurrence of what may be 
i-RNase in certain purified RNase preparations obtained from mitochon- 
dria (3). 

The question as to whether the i-RNase is ever physiologically active 
during the life of the cell is an interesting one. The development of an ac- 
curate assay system for i-RNase and RNase inhibitor should allow an ex- 
perimental approach to this question. . 


SUMMARY 


1. Inactive ribonuclease (i-RNase), an alkaline ribonuclease (RNase) oc- 
curring in the supernatant fraction prepared from rat liver, has been pu- 
rified .20- to 25-fold by salt precipitation, treatment with calcium phosphate 
gel, and heating. 

2. The activated alkaline RNase has an optimal pH of 7.8 and is stable 
to heating at 65° for 5 minutes at pH 5.0 or 7.0. 

3. The inactive enzyme can be activated by treatment with certain sulf- 
hydryl reactants, hydrogen ion, and by heating. Heating at pH 5.0 and 
65° results in maximal activation. The action of hydrogen ion under var- 
ious conditions was studied. 

4. The effect of a range of concentrations of five sulfhydryl reactants on 
the activation of the inactive enzyme was determined. The order of 
effectiveness in releasing RNase activity was Pb+*+ > p-chloromercuriben- 
zoate (= p-chloromercuribenzenesulfonic acid) > arsenosobenzene > 
iodoacetamide. Pbt*, p-chloromercuribenzoic acid, and p-chloromercuri- 
benzenesulfonic acid released the maximal amount of activity, while arsen- 
osobenzene and iodoacetamide did not release the maximal activity, even 
at the highest concentrations used. 
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The macroglobulins of human serum have received considerable atten- 
tion in recent years (1-5). Most research efforts on such proteins have 
been directed toward the condition designated as Waldenstrém’s macro- 
globulinemia (1) in which large amounts of high molecular weight protein 
appear in the serum. 

A previous study (2) indicated that rabbit antibody to a crystalline 
macroglobulin could be completely combined by a globulin fraction of 
normal human serum. It was postulated that globulins of the type seen 
in the disease state of macroglobulinemia either occurred in small amounts 
in normal serum or were polymers of smaller normal globulins. 

In testing the above assumptions, it was found that macroglobulins 
could be readily dissociated to molecules of the size of normal y-globulins 
by treatment with sulfhydryl compounds (6, 7). Some of the physical 
and chemical properties of the native and dissociated molecules will be 
presented in this report. 


EXPERIMENTAL 


Preparation of Proteins—Eight different macroglobulinemic sera were 
used in the present work. Most of these were fractionated by diluting 
the sera 1:10 with distilled water and centrifuging the insoluble macro- 
globulins. These were redissolved in 0.15 m NaCl and reprecipitated by 
dilution with distilled water. Each macroglobulin sample was precipitated 
four or five times. One sample, a cryoglobulin (HE), was fractionated by 
removing the protein which precipitated upon standing overnight near 0°, 
dissolving the precipitate in 0.15 m NaCl at room temperature, and then 
reprecipitating by allowing it to stand at 0°. Two samples (CA and VO) 
which did not show euglobulin or cryoglobulin properties were separated 
by ethanol fractionation procedures. The various samples are designated 
in terms of their patient source. 

Physical Studies—Electrophoretic studies were carried out by the 


* This work was supported in part by research grant No. C-1786(C) from the Na- 
tional Institutes of Health, United States Public Health Service. 
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moving boundary method. A variety of 0.1 ionic strength buffers in which 
NaCl usually constituted 80 per cent of the salt was employed. 

Sedimentation velocity and an approach to sedimentation equilibrium 
experiments (8-10) were carried out in the Spinco model E apparatus with 
the various proteins dissolved in a 0.2 ionic strength potassium phosphate 
buffer (pH 7.4). 

Other Studies—Histidine analyses were carried out by a microbiological 
method with use of Leuconostoc mesenteroides P60.' The titration experi- 
ments were performed on 45 to 75 mg. protein samples with an automatic 
potentiometric titration apparatus.’ 

Macroglobulin Fracttons—The conditions for dissociation, reaggregation, 
and prevention of reaggregation while sulfhydryl compounds were being 
removed were the same as those previously reported (6). In this work, 
the unmodified isolated macroglobulin fraction will be referred to as native 
(z.e. protein), the dissociated material in the presence of 0.1 M mercapto- 
ethanol as depolymerized, the depolymerized material dialyzed back into 
phosphate buffer at pH 7.4 as reaggregated, and the depolymerized material 
dialyzed against 0.02 m iodoacetamide in potassium phosphate buffer at 
pH 7.4 as the monomer. 


Results 


Typical electrophoretic and ultracentrifugal data for a macroglobulinemic 
serum (VT) and its macroglobulin component separated by water precipita- 
tion are shown in Table I. The elevated component of this serum had the 
electrophoretic mobility of a y2-globulin and the purified material was a 
single electrophoretic entity. The electrophoretic area of the y2-globulins 
comprised 69 per cent of the serum proteins and 63 per cent of the serum 
proteins sedimented as macroglobulins. The higher value given by the 
electrophoretic assay indicated that this serum contains y2-pseudoglobulin 
of the usual molecular weight (near 160,000) and with the mobility of the 
macroglobulins. The very small amounts of s2,. = 6 to 7S protein in the 
purified sample indicate that most of this material is lost in the precipita- 
tion steps. Macroglobulins prepared by ethanol fractionation tend to 
show more of this lower molecular weight globulin. Various analytical 
data referring to the electrophoretic and ultracentrifugal studies of the 
macroglobulins which have been subjected to detailed study are given in 
Table II. It can be seen that the ratios of the different molecular com- 
ponents and the values of the sedimentation constants at infinite dilution 


1 These analyses were carried out in the laboratories of the Wisconsin Alumni 


Research Foundation. 
2 The authors are indebted to Professor Robert M. Bock for performing these ex- 


periments. 
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TABLE I 


Electrophoretic and Ultracentrifugal Analysis Data 
of Typical Macroglobulinemic Serum* 


| 


Component Per cent* | pp ona | Per — | Purified, per cent 

Total serum pro- 11.6 Albumin | 32.4 | 

tein  Globulins 
Klevated 69.0 | 
y1-Globulin 2.5 | 4.6 
8-Globulin 4.2 | 5! 52.0 82 
a2-Globulin 2.7 S75 7 .8)63 12 
a,-Globulin 2.9 3.2 | 6 
Albumin 18.7 100.0 | 100 


* Total serum protein is given as gm. per cent. The electrophoretic components 
are given as per cent of total protein. 


TaBLeE II 
Physicochemical Properties of Some Purified Macroglobulins 
Sample ple* XK 10'3* Percentage | Mobility? at pH 8.6 
HE} 6.8 18.0 80.0 — 1.06. 
25.7 16.5 
33.0 3.5 
AN 7.75 18.0 73.0 —1.26 
25.5 18.7 
33.0 6.5 
| > 33 1.7 | 
Fi | 7.15 18.0 82.0 | —0.83 
25.5 12.0 
| 31.5 6.0 
JO 7.65 | 18.0 87.0 —(0.86 
| 25.0 14.0 
| 32.0 3.0 | 
VO$ 5.1 | 17.8 81.0 | —3.09 
| 25.0 14.3 | 
31.4 4.7 | 
CA§ 6.33 | 18.1 65 | —1.7 
16 | 
26.4 | 15 | 
32 | 4 | 


* The isoelectric points of the proteins determined by electrophoretic studies in 0.1 
ionie strength buffers. The values for the sedimentation constants are those for 
zero protein concentration. 

+t In em.? volt~! 105. 

t The proteins of the system also possessed the properties of cryoglobulins (11). 

§ Water dilution of the parent sera did not result in precipitation. 
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are similor. The CA material previously studied (2) departs from the 
usual system in that two proteins with slightly different sedimentation 
properties appear in the area of the usual 25 S component. The various 
macroglobulins show marked differences in electrophoretic mobility at 
pH 8.6 and in isoelectric point. 

Ultracentrifuge diagrams of a macroglobulin and its depolymerized, 
reaggregated, and monomer forms are shown in Fig. 1. The diagram for 


has 
io 
Be Be 


Fic. 1. Sedimentation studies of macroglobulin systems at 59,780 r.p.m. From 
top to bottom the various exposures and the intervals in minutes bet ween successive 
exposures (in parentheses) represent native (4), depolymerized (12), reaggregated 
(8), and monomer (12) material. The direction of sedimentation is to the left. 


the native material is typical of all preparations studied in that three well 
defined components comprise the major portions of ‘the system. Occa- 
sionally small amounts of material which sediment above 32 8 and small 
amounts of 6 to 7 S protein are also seen. These latter components 
constitute less than 5 per cent of the total protein. In the presence of 
sulfhydryl the samples all show a single component sedimenting near 6.3 5. 
Removal of the sulfhydryl compound by dialysis leads to the formation of 
variable amounts of components of higher molecular weight with sedi- 
mentation constants ranging to 235. As many as four components which 
sediment between the depolymerized protein and the fastest sedimenting 
component may be seen. Typical analytical results for three reaggregated 
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macroglobulins are shown in Table III. The relationships of the com- 
ponent in the reaggregated system which sediments at 7.5 5 to the depoly- 
merized and monomer material (sedimenting near 6.3 8) are not known. 
The difference does not appear to be due to changes in the shape of a given 
molecule, for the sedimentation rates of the smallest dissociated units of 
various macroglobulins show no appreciable concentration dependence. 
The number of components indicates the complexity of these systems. 
All of the macrocomponents formed in a reaggregation experiment can be 
again reconverted to a 6.3 S component on treatment with sulfhydryl 
reagents. 

The molecules comprising the native and reaggregated systems are very 
asymmetric. This is indicated by the data of Fig. 2 for the FE system 


TaBLeE III 
Ultracentrifugal Composition of Three Reaggregated Macroglobulins 
FE | jo vO 
Per cent Per cent Per cent 
K 1018 x 10! 

7.9 ! 47 7.9 27 7.9 35 
15.5 16 12 3 12 2 
17.5 | 37 13.5 15 13.5 

15.5 32 | 16.5 
17.5 20 20 23 
22.5 3 22.5 


* Sedimentation constants extrapolated to zero protein concentration. 


which shows the marked concentration dependencies of their sedimentation 
constants. These are so strong that values for macroglobulins which are 
not extrapolated to infinite dilutions or are not reported as a function of 
concentration are apt to be misleading. 

The ultracentrifuge diagrams of the monomer systems always show 
material sedimenting as a slow shoulder of the 6.3 5 component. This 
may indicate that the treatment with iodoacetamide results in the produc- 
tion of a lower molecular weight fragment than the depolymerized material. 
The amount of this slower sedimenting material is increased if the protein 
is maintained in the region of pH 4 after dialysis of depolymerized material 
against iodoacetamide. Variable inhomogeneous materials sedimenting 
slightly faster than the main component, 7.e. the monomer, are also seen 
after such treatment. 

The serum proteins which show marked elevations in the condition of 
multiple myeloma occasionally contain macroglobulins (15, 14). These 
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differ, however, from those of macroglobulinemic sera by having sedimenta- 
tion constants of less than 18S. One of these isolated systems, designated 
as LE in a previous study (13), contained about 30 per cent of material 
with 820, values of 8.2, 9.9, and 11.58, respectively, the remainder having 
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Fic. 2. The relations of sedimentation rate to concentration for a macroglobulin 
system. O, native; @, reaggregated; ©, monomer. 


Fic. 3. Ultracentrifuge diagrams of normal human serum before (right) and after 
(left) treatment with 0.1 M mercaptoethanol. 


a sedimentation constant of 6.3 8 which is characteristic of normal serum 
y2-globulin. When these proteins were treated with mercaptoethanol, all 
of the macrocomponents disappeared, only the 6.3 5 component being still 
in evidence. Unlike the regular macroglobulinemic system, no reaggrega- 
tion took place when the mercaptan was removed by dialysis. 

As much as 4 per cent of normal human serum proteins have a sedimenta- 
tion constant near 18 8S (15, 16). These proteins are distributed between 
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the y- and a--globulin fractions (16). It was of interest to determine 
whether this material on treatment with sulfhydryl reagents would undergo 
a change similar to that of the purified macroglobulins. The result of an 
experiment testing this is illustrated by Fig. 3, which shows that most of 
the 18S component of normal human serum disappears after treatment with 
mercaptoethanol. It is presumed that it is converted to molecules sedi- 
menting between 6 and 7 8. 

The ultracentrifugal and electrophoretic properties of normal serum of 
y2-globulin show no change when subjected to the type of treatment which 
converts macroglobulins into molecules of molecular weight near 160,000. 

The sedimentation velocity properties of depolymerized macroglobulin 


pH 8.60 ‘OH 7.06 


NATIVE 
263 206 
pH 2.70 pH 7.70 
265 222 
REAGGREGATED MONOMER 


Fig. 4. Electrophoretic patterns of several forms of the macroglobulin (FE) 
system. 


(determined in the presence of 0.1 M mercaptoethanol) indicated a greater 
degree of homogeneity than the monomer system. Molecular weight 
determinations on depolymerized and monomer material by the approach to 
sedimentation equilibrium method of Archibald (8) as outlined by Klainer 
and Kegeles (9), and Ginsburg, Appel, and Schachman (10) always gave 
evidences of marked inhomogeneity. The molecular weight as deter- 
mined near the meniscus showed a drift with time toward lower values in 
the range of 180,000. This indicates that even the dissociated systems 
we are dealing with are by no means molecularly monodisperse. 

The electrophoretic properties of reaggregated and monomer material 
show marked differences from the respective parent native protein. The 
results for one macroglobulin (FE) are illustrated by the diagrams of 
Fig. 4. It can be seen that the 2 monomer units both have a greater net 
negative charge than the native protein. The reaggregated material has 
& minor component with the mobility of the native material and a second 
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and major component with the mobility of the major and lower charged 
component of the monomer system. ‘The minor electrophoretic component 
of the reaggregated material appears to be the higher molecular weight 
(18S) protein. The very low solubility of the native FE system near pH 
7.7 prevented a mobility determination at this pH and hence no electro- 
phoretic pattern for it is given. 

The 18 S component formed in the reaggregation process appears to be 
significantly more soluble than the analogous component of the native 
system. This indicates that the reaggregated macroglobulins do not 
possess all of the characteristics of the native protein. Additional studies 
will be required to indicate the nature of these changes. 

Mobility relationships for two macroglobulin samples, one of low (VO) 
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Fic. 5. Electrophoretic mobility-pH relationships for two macroglobulin §sys- 

tems. A, (VO); B, (FE). 
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and the other (FE) of higher isoelectric point are shown in Fig. 5, A and 
B, respectively. The monomer units of the low isoelectric point macro- 
globulin (VO) have higher isoelectric points than the parent protein. 
The reverse is true of the more alkaline isoelectric point protein (FE) 
system. In both cases it can be seen that a portion of the reaggregated 
material has the electrophoretic mobility of the native protein while the 
monomer lacks this material. 

The differences in electrophoretic mobility of the native and monomer 
systems prompted us to carry out titrations on these proteins. Three 
samples (VO, FE, and AN) were titrated between pH 4.4 and 9.2. Similar 
results were obtained in each case, a plot of the data for the VO titrations 
being presented in Fig. 6. An increase in the monomer system of base- 
binding groups with a pK near 6.8 is apparent. It must be remembered 
that the titration data are the averages for several charged species in the 
case of the monomer units. 
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The pK value above is suggestive of a histidine or of a phosphate group. 
Analyses of the above three native proteins and of the VO monomer system 
for phosphorus gave negative results but all samples contained relatively 
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Fic. 6. Titration data of a macroglobulin (VO) and its monomer units. The 
lower curve represents the differences between the titration curves for monomer and 
native protein shown as the upper two curves. 


TABLE IV 


Magnitude and Nature of Increased Base-Binding Capacity of Monomer 
Units of Three Macroglobulins 


* Between pH 4.6 and 9.2. 
t Microbiological analysis. 


large amounts of histidine. The titration data are indicative of from 25 
to 40 imidazole residues per 160,000 gm. of protein. This is in keeping 
with the results of the histidine analyses. The various analytical data 
which deal with these titrations are shown in Table IV. 

While the titration data for FE are in keeping with the electrophoretic 
mobility differences of the native and monomer systems (see Fig. 5, B), 
this is not true for VO. In this case the monomer units have a smaller 
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net negative charge (higher isoelectric point) than the native protein. 
These findings, while reproducible, are difficult to rationalize and further 
studies are needed to elucidate their nature. | 

The monomer units are more soluble than their parent molecules. With 
the exception of VO and CA, which are quite soluble in water over a pH 
range from 4 to 9, the other macroglobulins are characterized by being 
relatively insoluble in water near their isoelectric point. Near this pH, 
insufficient solubility obtains to permit electrophoretic homogeneity studies 
even at 0.1 ionic strength. In contrast, the monomer units are relatively 
soluble throughout their isoelectric point range. 

One of the macroglobulins (HE) possessed the properties of a cryoglobulin 
(11). Its monomer units no longer precipitated at low temperatures when 
tested at a concentration near 1 per cent. 


DISCUSSION 


The macroglobulins seen in the Waldenstrém type of macroglobulinemia 
generally possess the electrophoretic properties of serum y-globulins, 
although lower isoelectric point ones similar to the VO sample of our 
present study and more analogous in charge to 6-globulins are occasionally 
seen (3, 5). About 80 per cent of the native macroglobulin is comprised 
of an 820.0 = 18S component. This type of molecule is seen in the y- and 
a2-globulin fraction of normal human serum. It is possible that the 
elevated proteins seen in macroglobulinemia merely represent an increase 
in the level of certain normal serum entities. Studies on the amino acid 
composition of y and 6 type macroglobulins show that they differ only 
slightly in comparison with normal human serum j7- and 8-globulins (17-19). 
Furthermore, rabbit antisera to a series of macroglobulins (20), to a crystal- 
line macroglobulin (CA), and to a protein isolated from the serum of a 
patient with multiple myeloma (LE) which contained macrocomponents 
could be completely combined by normal human serum proteins (13). 
The macrocomponents of the latter protein (LE), like those of the Walden- 
strém macroglobulins, can be dissociated to 82,0 = 6.3 S components by 
means of sulfhydryl compounds. 

Our results on the dissociation and reaggregation of macroglobulins 
indicate that a disulfide bond is an integral part of the larger molecules. 
Furthermore, the relation of dissociation and reaggregation to the gain and 
loss of charged groups whose pK values are in the range of those of histidine 
may indicate that this amino acid may participate in, or its dissociative 
properties be affected by, this bond. A relation between disulfide bonds 
and free carboxyl groups is seen in the work of Lindley and Phillips (21). 
The pK of the additional charged groups which appear in the monomer form 
of the macroglobulin, however, would appear to rule out carboxyl as 
the responsible grouping. 
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Protein structural units of the type exemplified by our studies may be 
more common than realized at present. Dimethylthetin-homocysteine 
methylpherase is homogeneous in the presence of glutathione but in its 
absence polymerizes reversibly (22). The transformation of phosphorylase 
b to phosphorylase a requires cysteine, but in this case the sulfhydryl group 
appears to effect a polymerization to a tetramere that was originally disso- 
ciated by treatment with p-chloromercuribenzoate (23). Kozloff and Lute 
(24) have shown that reagents which break disulfide bonds affect the pro- 
tein covering of the bacteriophage, resulting in the release of DNA. A 
chymotryptic digestion product of bovine serum albumin of 12,000 molec- 
ular weight has been also found by Porter (25) to dimerize reversibly 
through disulfide bond formation. Other examples of such dissociative 
changes as mediated by sulfhydryl reagents may exist and their demon- 
stration awaits studies on other proteins. 

Additional dissociative type changes of high molecular weight serum 
proteins are represented by the conversion by 4 to 5 M urea of a 228 
protein seen in rheumatoid arthritis to a 7 and a 19 S component (26), 
the spontaneous dissociation of properdin to a family of molecules with 
sedimentation constants of 18, 12, 9, 6, and 3 S (12), and the changes in 
molecular composition of certain cryoglobulins as a function of tempera- 
ture, ionic strength, pH, and protein concentration (27, 28). 


SUMMARY 


A series of macroglobulins has been subjected to physicochemical 
characterization. They possess similar molecular components but differ 
widely in electrophoretic properties. All of them can be dissociated to 
components of near 160,000 molecular weight by treatment with sulfhydryl] 
compounds. The dissociated components bind base to a greater degree 
than the parent molecule. The pK of the responsible grouping suggests 
that histidine residues are involved. 
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HUMAN SERUM MACROGLOBULINS AND 
DISSOCIATION UNITS* 


II. IMMUNOCHEMICAL PROPERTIES 
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Immunochemical techniques have been extensively applied in attempts 
to resolve the controversy over the relationship of the so called pathological 
serum proteins to those occurring in normal serum. The question as to 
whether hyperglobulinemic proteins are normal entities present in enhanced 
amount or are qualitatively different, however, has not been determined. 

The present work applies the same methods to the study of macro- 
globulins as were used to demonstrate the antigenic identity of some 
elevated serum globulins in case of multiple myeloma with the globulins 
of normal individuals (1). Investigations of the immunological relation- 
ships among the macroglobulins and their units described in the previous 
paper (2) have been carried out. 


EXPERIMENTAL 


Rabbits were immunized to various protein fractions by the adjuvant 
technique of Freund and McDermott (3). The y-globulin portion of the 
antiserum was separated by the method of Nichol and Deutsch (4). These 
preparations and the antigens were reconstituted in an isotonic saline 
borate buffer of pH 7.4. Quantitative precipitin reactions were carried 
out ina volume of 4ml. The amount of nitrogen in the specific precipitates 
was determined by a micro-Kjeldahl method. Various antigens and 
antibody preparations were also allowed to react in agar gel by the Ouchter- 
lony method (5). 

Experiments designed to combine all antibodies were carried out on 
amounts of preparation which in the homologous reaction gave maximal 
specific precipitates of 200 to 350 y of N. Sufficient amounts of normal 
serum proteins were used to bring the antibody preparations into the 
completely soluble antigen excess zone. These systems and the superna- 
tant fluids to specific precipitates were tested for residual antibody as 
previously described (1) by adding 3 to 6 y of homologous antigen N and 
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determining the amount of precipitate N formed. Interfacial precipitin 
tests were also carried out on the supernatant fluids by layering them 
with homologous antigen. This test is not sufficiently sensitive and was 
only supplementary. The term “complete combination” is utilized here 
to designate the combination of all antibody by putting the system into 
the completely soluble antigen excess zone. It does not refer to the 
absorptive removal of antibody by specific precipitation. 


Results 


An example of the marked degree of reaction of various macroglobulins 
with the antibody to a specific macroglobulin is illustrated by the precipitin 
curves of Fig. 1. Table I indicates the degree of cross-reaction of all the 
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Fic. 1. Data of quantitative precipitin reactions of various macroglobulins with 
antibody (A) to macroglobulins JO and (B) to macroglobulins FE. 


macroglobulin systems tested. ‘The per cent cross-reaction is defined here 
as the maximal amount of precipitate formed by heterologous proteins as 
compared to the homologous maximal precipitate. The data of Table I, 
however, do not give any indication of the variations of the reactions in 
the antigen excess zone (Fig. 1) which, along with the results of antigen-— 
antibody reactions in agar gel, reveal the complexity of these systems, © 
particularly in terms of minor components. The Ouchterlony plates” 
(Fig. 2) show the heterogeneity of the homologous protein and also the 
strong cross-reactions with heterologous macroglobulins. i 

Combination of antibody to specific macroglobulins was carried out ~ 
with a globulin fraction from normal human serum. Although y:2-globulin ” 
constituted most of it, there were considerable y:-globulin and traces — 
of B- and az-globulins. The y-globulin portion contains high molecular 
weight protein sedimenting near 18 8. Use of this type of fraction was 
found previously to be necessary to combine completely rabbit antibody 
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Antigen system Antibody system | Specific precipitate Per cent cross-reaction 
| 
CA | CA | 216 100 
HE | | 113 52 
AN | 88 41 
FE | 73 34 
JO | 45 21 
AN AN 208 100 
HE | 130 63 
CA | 100 48 
FE | | 100 48 
JO | | 85 41 
| 
HE | HE | 210 100 
AN | | 127 61 
CA 127 61 
FE | 105 50 
JO | 100 48 
FE Fi 300 100 
HI 230 7a 
AN 220 73 
CA 220 73 
JO 187 62 
JO | JO | 305 100 
HE | 167 55 
CA | 167 55 
AN 150 49 
FE 130 43 


Fic. 2. The immunological reactions in agar gel of various macroglobulins with 


rabbit antibody to macroglobulins A, AN; B, CA; C, HE. 
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to macroglobulins of a multiple myeloma and of a macroglobulinemia 
serum (1). A normal y-globulin fraction which lacks 18 S proteins was 
not able to effect this. Since the antibodies in question are not removed 
by classical absorption procedures but are combined so that no homologous 
reaction is evidenced, the above globulin fraction will be referred to here- 
after as combinant globulins. 

All of the antibodies to the macroglobulins studied could be combined 
so that no consequent homologous reaction could be detected either by 
means of the quantitative precipitin reaction or by the interfacial test. 
It was found particularly difficult to combine all of the antibody to FE and 
JO. Table II shows the amounts of combinant globulins required. 


TABLE II 


Amounts of Human Serum Globulin Fraction Required to 
Combine Antibody to Various Macroglobulins 


| 


Antibody system | Maximal specific precipitation* | Amount of combinant globulint 
FI] 345 76 
JO 310 76 
AN 210 14 
HI 210 | M4 
CA 215 | 15 


* The maximal amount of specific precipitate given by the homologous system 
emploved. 

+ The globulin fraction of human serum previously described and containing mac- 
roglobulin components (1). Samples FE and JO were absorbed successively with 38, 
19, and 19 mg. of combinant protein nitrogen. The remaining samples were ab- 
sorbed only once. 


Immunochemical studies of the monomer and reaggregated forms of 
these macroglobulins were carried out to determine whether any antigenic 
changes in the molecule resulted from the dissociation treatment. Fig. 3 
shows the results of the reaction of the various forms of the molecules 
with the antibody to the native protein. Studies of two immunochemically 
different macroglobulin systems are presented. The precipitin reaction 
of native JO with its antibody (Fig. 3, A) is typical of that of a high mole- 
cular weight antigen. No distinct equivalence zone is evidenced and 
specific precipitation continues far into the antigen excess zone. The 
reaggregated and monomer materials react similarly in giving broad 
precipitation curves in the antigen excess region but in diminished amounts. 
The data for protein FE shown in Fig. 3, B give stoichiometrical relation- 
ships for an immunochemical reaction more typical of a protein near the 
molecular weight of a normal y-globulin. There is a sharp equivalence 
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point, and a rapid decrease in precipitate in the antigen excess zone. 
The reaggregated and monomer forms give the same type precipitin curves 
but the lower average molecular weights of these fractions result in a 
decreased precipitation at the point of maximal precipitation, and the 
system goes into the soluble antigen excess region more quickly. 

Both the monomer and reaggregated forms can completely combine 
or absorb the antibody directed toward the macroglobulin. Supernatant 
fluids to these systems in complete antigen excess fail to give specific 
precipitation with the native macroglobulin. The supernatant fluid to the 
monomer FE reaction with native antibody taken at the point of maximal 
precipitation is devoid of antibody to the native protein. This is in 
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Fic. 3. Data of quantitative precipitin reactions of native, reaggregated, and 
monomer forms (A) of macroglobulin system JO, and (B) of macroglobulin system 
FE with antibody to the respective native macroglobulin. 
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contrast to the JO system in which the antibody excess zone of the reag- 
gregated and monomer systems extends throughout the antigen levels 
utilized (Fig. 3, A). In the case of JO, a large amount of monomer antigen 
(1.35 mg. of N) was required to combine all of its antibody. This is in 
keeping with what would be expected in terms of the immunochemical data 
presented as Fig. 3, A. 

Rabbit antibody was prepared to the JO and FE monomers in order to 
determine whether any new antigenic grouping had appeared in the 
dissociation process. Their respective precipitin reactions are shown 
in Fig. 4, A and B. Only slight differences in maximal precipitation are 
given by monomer, reaggregated, and native protein with these anti- 
bodies, although the lower molecular weight systems give much less pre- 
cipitation in the antigen excess regions, as would again be expected from 
stoichiometric considerations of their molecular weights. All of the 
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antibody to JO and FE monomers can be combined by the respective 
reaggregated and native systems. These experiments demonstrate that 
the various molecular units of a given macroglobulin system contain 
identical antigenic determinants and that new antigenic groupings do not 
form in the dissociation process. 

Agar gel diffusion studies in which antibody to native and to monomer 
proteins was used were carried out with the various forms of the macro- 
globulins and normal human serum being used as antigens. The results 
for the JO and FE systems are given in Fig. 5. The native, reaggregated, 
and monomer proteins show the same number of reactive components for 
a given system and give the reaction of identity. The higher diffusion 
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Fic. 4. Data of quantitative precipitin reactions of native, reaggregated, and 
monomer forms (A) of macroglobulin system JO, and (B) of macroglobulin system 
FE with antibody to the respective monomer. 


rate of the monomer is evidenced in that its specific precipitin zones are 
farther from the antigen origin than those of the native macroglobulin. 
Human serum gives a multiplicity of precipitation zones, most of which 
are not contiguous with precipitation zones of the other antigens. A 
similar result has been obtained by Sehon eé al. (6) and would appear to 
be due to very antigenic trace proteins in the macroglobulins being pres- 
ent in higher concentrations in normal serum. 

The molecular and antigenic complexity of the macroglobulins suggests 
the possibility that a given molecular component might represent a discrete 
antigenic component. To test this, a solution of FE was subjected to 
repeated differential centrifugation. Three fractions were prepared. 
One contained only the 18 S component, a second the 18 and 25 S but 
lacked the 32 S component, and the third, representing the residues of the 
above two fractions, contained enhanced amounts of the 25 and 32 S com- 
ponents plus some faster sedimenting protein. These and the starting 
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material were allowed to react with rabbit anti-FE by the Ouchterlony 
agar gel diffusion technique. The results are illustrated by Fig. 6 and 
indicate that the different fractions are essentially antigenically equivalent. 
Thus the antigenic difference between the 19 and 26 S components of 
macroglobulins as postulated by Korngold and Van Leeuwen (7) does not 
appear to obtain. 


5 Fic. 6 


Fic. 5. The homologous immunological reactions in agar gel of native (N), mon- 
omer (M), reaggregated (R), and normal human serum proteins (S) with rabbit anti- 
body to A, JO native; B, FE native; C, JO monomer; D, FE monomer. 

Fic. 6. The immunological reactions in agar gel of native (A), the 18 S portion 
(B), a fraction lacking the 32 S component (C) and a fraction enriched in the 25 and 
32 S components (D) of macroglobulin svstem FE with rabbit antibody to the na- 
tive FE. 


Precipitin studies similar to those reported above were carried out with 
normal human serum y-globulin. Material treated with mercaptoethanol 
and dialyzed against iodoacetamide is referred to as ‘“‘monomer,” mercapto- 
ethanol-treated globulin dialyzed back into buffer as ‘‘reaggregated.”’ 
Previous studies have indicated that no appreciable physicochemical 
changes were induced by such treatment (2). These treated forms were 
allowed to react with antibody to native y-globulin and with antibody to 
the “monomer.”’ Quantitative precipitin studies for these systems in- 
dicated that the “reaggregated”’” and ‘“‘monomer”’ proteins were equiva- 
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lent to the native protein in their reaction with both antibodies in the 
antibody excess zone. The monomer showed a slightly decreased precipi- 
tation at the point of maximal precipitation and in the antigen excess zone. 
However, these changes were small in terms of the differences obtained in 
precipitin systems in which the analogous macroglobulin fractions were 
used. 

DISCUSSION 

The individual antigenic complexity of macroglobulin systems as well 
as the cross-reactions among macroglobulins from different sources has 
been recognized (6-13) and is further exemplified here. 

The immunological identity of these macroglobulins to components 
found in normal human serum has been demohstrated by our ability to 
combine completely antibody activity directed against six macroglobulins 
by the addition of normal serum globulins. This is in agreement with 
the results obtained by the immunoelectrophoretic studies of Burtin and 
coworkers (13) on the macroglobulin component of macroglobulinemic 
sera. Contrary views have been expressed by other workers (6-12), who 
have indicated the presence of an antigenic component that has no counter- 
part in normal human serum and which is specific for a given macroglobulin. 

We have succeeded previously in removing the antibody activity directed 
against five multiple myeloma globulins by combining with normal human 
serum globulins (1). The failure of other workers to combine completely 
or remove antibody directed against hyperglobulinemic components may 
be due in large part to the use of inadequate amounts of absorbent material. 
Our experiments have used up to 75 mg. of combinant globulins with an 
amount of antibody giving a maximal specific precipitation of 200 to 350 y 
of N. Other workers do not cite the amounts of absorbent used or else 
employ far smaller amounts than we have utilized (7-12). Inability to 
absorb these antibodies may also be due to the use of yo-globulin alone 
which does not cover the antigenic range of molecules included in the 
macroglobulins. The use of complement containing serum as absorbent 
may cause the precipitation of otherwise soluble complexes (14) and also 
contribute to erroneous conclusions. 

The findings that normal serum possesses all of the immunological 
determinants present in these macroglobulins are in keeping with our 
previously advanced hypothesis that the pathology of the serum proteins 
involved in these hyperglobulinemic diseases is a quantitative elevation 
of specific components normally occurring at a low level rather than a 
qualitative aberration producing an entirely new molecular type (1). A 
difference in terms of a loss of some of the normal antigenic groupings 
in a given molecule, however, is not ruled out by our studies. In this 
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respect Korngold and Van Leeuwen (8) have indicated that the pathological 
macroglobulins are antigenically deficient when compared with normal 
macroglobulin. There is evidence which suggests that normal macro- 
globulins are made up of biologically different molecules. If one or more 
of different types of molecules comprising normal macroglobulins were 
produced in excessive amounts, results of the type reported by Korngold 
and Van Leeuwen (8) could follow, particularly when the Ouchterlony 
experiments employ fairly dilute antigen solutions. 

The failure to demonstrate new antigenic determinants in the ““monomer” 
form of the macroglobulins indicates that the previously reported exposure 
(2) of acidic groups in this dissociation does not modify or introduce 
specific antigenic determinants. 


SUMMARY 


Six purified macroglobulins from patients having Waldenstrém’s macro- 
globulinemia and the dissociation products of these macroglobulins were 
studied immunochemically. Cross-reactions and absorption experiments 
indicate that these macroglobulins do not contain any immunological 
determinants lacking in normal human serum. The reaggregated and 
monomer forms have the same antigenic determinants as the native 
macroglobulin. 
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and Kaplan, 685 
Reduced, oxidation, Schellenberg and 
Hellerman, 547 


Dogfish ova (Squalus suckleyi): Istra- 
diol-178, identification, Wotiz, Bot- 
licelli, Hisaw, and Ringler, 589 


E 
Egg: Yolk, iron, deposition and nature, 
Halkett, Peters, and Ross, 187 
Enamel: Exchange, phosphate, McCann 


and Fath, 
See also Bone 
Enzyme(s): See Aldolase, Aminopepti- 
dase, etc. 
Enzymic reduction: Amino acids, stud- 
ies, Stadtman, Elliott, and Tiemann, 


863, 869 


961 
Epimerase: 4-, L-ribulose 5-phosphate, 
Burma and Horecker, 1053 


Ergothioneine: Metabolism, sulfur, tis- 
sue cultures in vitro, requirement, 
Morton and Morgan, 93 

Erythrocyte(s): Citric acid cycle, study, 
Dajani and Orten, 913 

Human, enzymes, 7'subot, Estrada, and 
Hudson, 19 
—, phosphorylase, nicotinamide ribo- 
side, source, Grossman and Kaplan 
717, 727 

See also Blood 


SUBJECT 


Escherichia freundii: Hyaluronidase, 
isolation, Brunish and Mozersky, 
291 
Estradiol: Nucleic acid, uterus, metabo- 
lism, effects, Jervell, Diniz, and 
Mueller, 945 
Estradiol-178: Dogfish ova (Squalus 
suckleyi), identification, Wotiz, Bot- 
ticelli, Hisaw, and Ringler, 589 
Estriol-16-C'4: Synthesis and metabo- 
lism, Levitz, Spitzer, and Twombly, 
787 
Estrogen(s): 16-Oxygenated, intercon- 
versions, Levitz, Spitzer, and Twom- 
bly, 787 
Estrone: Progesterone, and, mare, preg- 
nant, biosynthesis, Savard, Andrec, 
Brooksbank,  Reynerit, Dorfman, 
Heard, Jacobs, and Solomon, 


765 
Estrone-16-C'‘: Blood, fate, Wotiz, Zis- 
kind, and Ringler, 593 

F 
Fat: Metabolism, higher plants, Gio- 
vanelli and Stumpf, 411 
Fatty acid: Oxidation, carbohydrate 


metabolism, role, Masoro and Felts, 

347 

Ferritin: Molecule, liver, synthesis, time 
required, Loftfield and Eigner, 


925 
Fluoride: xchange, phosphate, effect, 
McCann and Fath, 869 


Folic acid: Deazapteridines and deaza- 
purines, analogues, inhibitory, Gor- 
ton, Ravel, and Shive, 331 

Deficiency, effects, Baldridge, 207 

Formaldehyde: Fixation and cleavage, 
luctate, Propionibacteritum arabino- 
sum, Mass analysis, use, Pomerantz 


and Wood, 519 
Fucose: .L-, metabolism, Huang and 
Miller, 201 

G 
Globulin(s): Macro-. See Macroglobu- 


lin 

Glucose: Catabolism, rat, normal and 
hyperthyroid, comparison, Spiro and 
Ball, 31 
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Glucose—continued: 

Oxidation, to carbon dioxide, obesity 
syndrome, mice, relation, Hughes 
and Tolbert, 339 

Phospho-. See Phosphoglucose 

Screening method, blood serum, glu- 
cose oxidase and indophenol, indi- 
ecator, Dobrick, 403 

Glucose oxidase: Blood serum glucose, 
screening method, indicator, Do- 
brick, 403 

Glucosylase: Trans-a-. See Trans-a- 
glucosylase 

Glutamic acid-1-C!4: Metabolism, in 
man, Putnam, Miyake, and Meyer, 

657 

Glutathione: Oxidized, metabolism, sul- 
fur, tissue cultures in vitro, require- 
ment, Morton and Morgan, 

93 

Sulfur 35-labeled, adrenal cortex and 
liver, turnover, Goldzieher, Besch, 
and Velez, 445 

Testis, localization and _ turnover, 
Goldzieher, Besch, and Velez, 

459 

Glyceride: p-1,2,-Di-. See Diglyceride 

Tri-. See Triglyceride 

Glycerolipide(s) : Metabolism, synthesis, 
lecithin and triglyceride, compari- 
son, Lands, 883 

Glycine: Oxidation, to carbon dioxide, 
obesity syndrome, mice, relation, 
Hughes and Tolbert, 339 

Reduction, esterification, phosphate, 
relation, Stadtman, Elliott, and Tie- 
mann, 961 

Glycolic acid oxidase: Spinach, prepara- 
tion and properties, Frigerio and 
Harbury, 135 

Growth: Hormone, lobes, anterior, pi- 
tuitaries, whale, isolation and char- 
acterization, Papkoff and Li, 


367 
p-Leucine, utilization, Rechcigl, Loosli, 
and Williams, &29 


Guanine: Deazapteridines and deazapu- 
rines, analogues, inhibitory, Gorton, 


Ravel, and Shive, 331 
Guanosine 5’-phosphate: Ribonucleic 
acid, incorporation, Roll, 183 
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H 


Heart: Sarcosomes, pyruvaté utilization, 
Reiss and Hellerman, 557 
Hexokinase: Yeast, reaction, ions, com- 
plex, role, Melchior and Melchior, 
609 
Hexosamine-containing compound(s): 
Linkage, determination, colorimet- 
ric, Cifonelli and Dorfman, 11 
Hexose synthesis: Pyruvate, muscle, 
pathway, Hiatt, Goldstein, Lareau, 
and Horecker, 303 
Hippurate: Benzoyl] and hippury] adeny]- 
ates, relationship, Kellerman, 427 
Hippuryl adenylate: Preparation, prop- 
erties, hippurate, relationship, Kel- 
lerman, 427 
Histidine: Metabolism, Baldridge, 207 
Hormone: Growth, lobes, anterior, pi- 
tuitaries, whale, isolation and char- 
acterization, Papkoff and Li, 367 
Hyaluronidase: Escherichia freundii, 
isolation, Brunish and Mozersky, 
291 
Hydrogenase: De-. See Dehydrogenase 
Hydrogen ion concentration: Kinetics 
reaction, influence, Winer and 
Schwert, 1065 
Hydroxylapatite: kxchange, phosphate, 
McCann and Fath, 863, 689 


I 


Indophenol: Blood serum glucose, 
screening method, indicator, Do- 
brick, 403 

Inositide: Monophospho-. See Mono- 
phosphoinositide 

Iron: Egg yolk, deposition and nature, 
Halkett, Peters, and Ross, 187 

Isomerase: L-Arabinose, Heath, Horecker, 
Smyrniotis, and Takagi, 1031 

Phosphoglucose, purification and prop- 
erties, 7’suboi, Estrada, and Hudson, 
19 


K 


Ketolase: Phospho-. See Phosphoke- 
tolase 
Kidney: Lysozyme state, Litwack, 175 


Kinase: Ribulo-. See Ribulokinase 


INDEX 


Kinetic(s): Reaction, pH 
Winer and Schwert, 


L 


Lactalbumin: a-, lysozyme, and, tyro- 
sinase, susceptibility, comparison, 


influence, 
1065 


Yasunobu, 
Lactaldehyde: Metabolism, Huang and 
Miller, 201 


Lactate: Fixation and cleavage, formal- 
dehyde, Propionibacterium arabino- 
sum, mass analysis, use, Pomerantz 
and Wood, 519 

Lactobacillus plantarum: Fermentation, 
pentose, Heath, Hurwitz, Horecker, 
and Ginsburg, 1009 

Lanthionine: Metabolism, sulfur, tissue 
cultures in vitro, requirement, Mor- 


ton and Morgan, 93 
Lecithin: Choline, release, enzymatically 
catalyzed, Einset and Clark, 703 


Cytidine diphosphate choline’ and 
p-1,2-diglyceride, source, Weiss, 
Smith, and Kennedy, 53 

Triglyceride, and, synthesis, Lands, 

883 

Leucine: p-, growth, utilization, Rech- 
cigl, Loosli, and Williams, 829 
Lipide(s): Glycero-. See Glycerolipide 

Neutral, liver and yeast, chromatog- 
raphy, silicic acid, Barron and Hana- 
han, 493 

Lipoic acid: Reactivation, sarcosomes, 
heart, effect, Reiss and Hellerman, 

557 

Liver: Ferritin, molecule, synthesis, time 

required, Loftfield and Eigner, 925 

Fraction, supernatant, inhibitor, ribo- 
nuclease, purification and charac- 
terization, Poth, 1085 
—,—, ribonuclease, inactive, studies, 
Roth, 1097 

Glutathione, sulfur 35-labeled, turn- 
over, Goldzieher, Besch, and Velez, 

445 

Lipides, neutral, chromatography, 

silicie acid, Barron and Hanahan, 
493 

Necrotic, degeneration, chemically in- 
duced, sulfur metabolism, Snyder 
and Cornatzer, 839 


Lis 
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Liver—continued: Muscle—continued: 
Protein turnover, measurement, Swick, Pyruvate, hexose synthesis, pathway, 
751 Hiatt, Goldstein, Lareau, and Ho- 
Ribonucleic acid, adenine nucleotides, recker, 303 
incorporation, Herbert, 975 Skeletal, rabbit, phosphorylase 6b, 
Lysozyme: Kidney, state, Litwack, isolation and crystallization, Fischer 
175 and Krebs, 65 


a-Lactalbumin, and, tyrosinase, sus- 
ceptibility, comparison, Yasunobu, 
309 


M 


Macroglobulin(s): Serum, human, physi- 
cochemical properties, Deutsch and 
Morton, 1107 

— —, Morton and Deutsch, 
1119 

Magnesium: Thyroxine, vitamin Bie, 
and, interrelationships, Gershoff, 
Vitale, Antonowicz, Nakamura, and 
Hellerstein, 849 

Mercuripapain: Hydrolysis, leucine ami- 
nopeptidase, use, Hill and Smith, 


117 
Carbohydrate, fatty acid oxidation, 
role, Masoro and Felts, 347 


Diamines, polyamines, and, micro- 
organisms, Weaver and Herbst, 637 

Fat, higher plants, Giovanelli and 
Stumpf, 411 

Glycerolipides, synthesis, lecithin and 
triglyceride, comparison, Lands, 


S83 
Naphthalenes, chlorinated, Cornish 
and Block, 583 
Steroid, Wotiz, Ziskind, and Ringler, 
593 
Metabolite(s): Urinary, 19-nortestos- 
terone, administered, Engel, Alexan- 
der, and Wheeler, 159 
Methionine: Activation, transmethyla- 
tion, use, Wudd and Cantoni, 481 
Methylation: S-, thiouracil, detoxica- 
tion, Sarcione and Sokal, 605 


Monophosphoinositide(s): Nature, 

chemical, Hanahan and Olley, 813 

Muscle: Aldolase, yeast, reactions, iso- 
tope exchange, Rose and Rieder, 

315 

Phosphorylase 6, kinase’ reaction, 


Krebs, Kent, and Fischer, 73 


See also Heart 
Mycobacterium butyricum: Diphospho- 
pyridine nucleotidase and protein 
inhibitor, source, Kern and Natale, 


41 

Myeloma: Multiple, proteins, Putnam 

and Miyake, 671 
See also Sarcosome 
N 

Naphthalene(s): Chlorinated, metab- 

olism, Cornish and Block, 583 

Neisseria perflava: Polyamines, oxida- 

tion, Weaver and Herbst, 647 

Nicotinamide: Sensitivity, Grossman and 

Kaplan, 727 


Nicotinic acid: Diphosphopyridine nu- 
cleotide, analogue, Lamborg, Stol- 
zenbach, and Kaplan, 685 

Nortestosterone: 19-, metabolites, uri- 
nary, Engel, Alexander, and Wheeler, 

159 

Nuclease: Ribo-. See Ribonuclease 

Nucleic acid: Ribo-. See Ribonucleic 
acid 

Uterus, metabolism, estradiol, effects, 
Jervell, Diniz, and Mueller, 945 

Nucleoside(s): Cytosine. See Cytosine 

nucleoside 
Uracil. See Uracil nucleoside 

Nucleotidase: Diphosphopyridine, and 
inhibitor, protein, from Mycobac- 
terium butyricum, Kern and Natale, 

41 

Nucleotide(s): Adenine. See Adenine 

nucleotide 

Diphosphopyridine. 

pyridine nucleotide 
5’-Phosphate. See Phosphate nucleo- 
tide 


See Diphospho- 


O 


Obesity syndrome: Hereditary, acetate, 
glucose, glycine, oxidation, to car- 
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Obesity syndrome—continued: 
bon dioxide, connection, Hughes and 
Tolbert, 339 
Ornithine-citrulline: Synthesis, biotin- 
deficient cells, Streptococcus lactis, 
Sund, Ravel, and Shive, 807 
Ova: See also Egg 
Dogfish. See Dogfish ova 
Oxidase: Cytochrome c, Azotobacter 
vinelandii, Layne and Nason, 
889 
Xanthine. See Xanthine oxidase 
Oxidation: 8, propionate, modified, 
Giovanelli and Stumpf, 411 
Diphosphopyridine nucleotide, re- 
duced, Schellenberg and Hellerman, 
547 


Pp 


Pentose: Fermentation, Lactobacillus 
plantarum, Burma and Horecker, 
1039, 1053 
—, — —, Heath, Horecker, Smyrniotts, 
and Takagi, 1031 
—, — —, Heath, Hurwitz, Horecker, 
and Ginsburg, 1009 
Peptidase: Amino-. See Aminopepti- 
dase 
Peptidase B: Carboxy-. 
peptidase B 
Peptide(s): Intracellular, Torula utilis, 
synthesis, McManus, 777 
Phosphate: Fsterification, glycine reduc- 
tion, relation, Stadtman, Elliott, and 
Tiemann, 961 
—. Guanosine 5’-. See Guanosine 5’- 


See Carboxy- 


phosphate 

—. Trehalose. See Trehalose phos- 
phate, 

—. Xylulose 5-. See Xylulose_ 5- 
phosphate 


Phosphate nucleotide(s): 5’-, analogues, 
purine, synthesis, enzymatic, Way 
and Parks, 467 

Phosphoglucose: Isomerase, purification 
and properties, Tsuboi, Estrada, and 
Hudson, 19 

Phosphorus: Compounds, toxic, plasmin, 
inhibition, Mounter and Shipley, 

855 

Phosphorylase: Nicotinamide riboside, 


INDEX 


Phosphorylas e—continued: 
from erythrocytes, human, Grossman 
and Kaplan, 717, 727 
Phosphorylase b: Muscle, kinase reac- 
tion, Krebs, Kent, and Fischer, 73 
—, skeletal, rabbit, isolation and crys- 
tallization, Fischer and Krebs, 65 
Skeletal muscle, rabbit, isolation and 
crystallization, Fischer and Krebs, 
65 
Phosphorylation: Photosynthetic, chlo- 
roplasts, spinach, cofactors and 
rates, use, Jagendorf and Avron, 
277 
Pituitary: Whale, hormone, growth, iso- 
lation and characterization, Papkoff 
and Li, 367 
Plasma: Corticosterone, amounts, esti- 
mation, Zenker and Bernstein, 695 
Plasma prothrombin: Isolation, chro- 
matographic, Miller, 987 
Plasmin: Phosphorus compounds, toxic, 
inhibition, Mounter and Shipley, 


Polyamine(s): Microorganisms, metabo- 


lism, Weaver and Herbst, 637 
—. Neisseria perflava, oxidation, Wea- 
ver and Herbst, 647 


Pregnancy: Mare, estrone and proges- 
terone, biosynthesis, Savard, Andrec, 
Brooksbank,  Reynert, Dorfman, 
Heard, Jacobs, and Solomon, 765 
Progesterone: I’strone, and, mare, preg- 
nant, biosynthesis, Savard, Andrec, 
Brooksbank,  Reynert, Dorfman, 
Heard, Jacobs,and Solomon, 765 
Propionate: 8 oxidation, modified, Gio- 
vanelli and Stumpf, 411 
Metabolism, Propiontbhacterium  ara- 
binosum, mass analysis, use, Pomer- 
antz, 505 
Propionibacterium arabinosum: Fixation 
and cleavage, lactate, mass analysis, 
use, Pomerantz and Wood, 519 
Metabolism, propionate, mass analy- 
sis, use, Pomerantz, 505 
Protein(s): Abnormal, biosynthesis, 
Putnam and Miyake, 671 
Inhibitor, diphosphopyridine nucleo- 
tidase, from Mycobacterium butyrt- 
cum, Kern and Natale, 41 
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SUBJECT 


Protein(s)—continued: 
Myeloma, multiple, Putnam and Mi- 


yake, 671 
Serum, metabolism, Jeffay and Winzler, 
101, 111 


Substrates, mode of action, and ter- 
minal group analysis, carboxyl, 
Gladner and Folk, 393 

Synthesis, ribonucleic acid, soluble, 
Hoagland, Stephenson, Scott, Hecht, 


and Zamecnik, 241 
Turnover, liver, measurement, Swick, 
751 

Prothrombin: Plasma, isolation, chro- 
matographic, Miller, 987 


Pteridine: Deaza-. See Deazapteridine 
Purine: Deaza-. See Deazapurine 
Purine analogue(s): 5’-Phosphate nu- 
cleotides, synthesis, enzymatic, Way 
and Parks, 467 
Pyridine: Diphospho-. See Diphospho- 
pyridine 
Pyridine nucleotide reductase: Photo- 
synthetic, San Pietro and Lang, 
211 
Pyruvate: Muscle, hexose synthesis, 
pathway, Hiatt, Goldstein, Lareau, 
and Horecker, 303 
Sarcosomes, heart, utilization, Reiss 
and Hellerman, 557 


R 


Reductase: Pyridine nucleotide, photo- 
synthetic, San Pietro and Lang, 
211 
Ribonuclease: Inactive, liver fraction, 
supernatant, studies, Roth, 
1097 
Inhibitor, liver fraction, supernatant, 
purification and characterization, 
Roth, 1085 
Ribulokinase: Lactobacillus plantarum, 
pentose, fermentation, use, Burma 
and Horecker, 1039 
Ribonucleic acid: Guanosine 5’-phos- 


phate, incorporation, Poll, 183 
Liver, adenine nucleotides, incorpora- 
tion, Herbert, 975 


Soluble, protein, synthesis, Hoagland, 
Stephenson, Scott, Hecht, and Zamec- 
nik, 241 
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Ribonucleic acid—continued: 
Structure, ionic strength, effects, Dick- 
man and Ring, 741 


Sarcosome(s): Heart, arsenoso com- 
pound, effect, Reiss and Hellerman, 
557 
—, lipoie acid, reactivation, effect, 
Reiss and Hellerman, 557 
—, pyruvate utilization, Reiss and 
Hellerman, 557 
See also Myeloma 

Serum: Human, macroglobulins, Morton 
and Deutsch, 1119 
Serum protein: Rat, dietary protein, 
turnover, effect, Jeffay and Winzler, 
111 
—, turnover rates, Jeffay and Winzler, 
101 
Silicic acid: Lipides, neutral, liver and 
yeast, chromatography, Barron and 
Hanahan, 493 
Spinach: Chloroplasts, phosphorylation, 
photosynthetic, use, Jagendorf and 
Avron, 277 
Enzyme, purification and properties, 
partial, San Pietro and Lang, 211 
Oxidase, glycolic acid, preparation 
and properties, Frigerio and Harbury, 
135 

Squalus suckleyi: See Dogfish ova 
Stachydrine: Biogenesis, induced, Wieh- 


ler and Marion, 799 
Steroid: Metabolism, Wottz, Ziskind, and 
Ringler, 593 


Streptococcus lactis: Cells, biotin-defi- 
cient, synthesis, ornithine-citrul- 
line, Sund, Ravel, and Shive, 807 

Streptomyces griseus: Transamidina- 
tion, mechanism, Walker, 1 

Sulfur: Metabolism, degeneration, ne- 
crotic liver, chemically induced, 
Snyder and Cornatzer, 839 

—, tissues, cultivated in vitro, Morton 
and Morgan, 93 


T 


Taurine: Excretion, rats, irradiated, 
adrenal glands, relation, Pentz, 
165 
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Testis: Glutathione, localization and 
turnover, Goldzieher, Besch, and 
Velez, 459 

Thiouracil: S-Methylation, detoxication, 
Sarcione and Sokal, 605 


Thymine: Deoxyribonucleic acid. See 
Deoxyribonucleic acid thymine 
Thyroid: Potency, gland, Litwack, 175 
Thyroxine: Magnesium, vitamin Bry, 

and, interrelationships, Gershoff, 
Vitale, Antonowicz, Nakamura, and 
Hellerstein, 849 
Torula utilis: Peptides, intracellular, 
synthesis, McManus, 777 
Transamidination: Streptomyces griseus, 
mechanism, Walker, 1 
Trans-a-glucosylase: Blood, bovine, 
properties and measurement, Miller 
and Copeland, 997 

Isolation, chromatographic, Miller, 

987 

Transmethylation: Methionine, activa- 
tion, use, Mudd and Cantoni, 481 
Trehalose phosphate: Biosynthesis, Ca- 
bib and Leloir, 259 
Triglyceride: Lecithin, and, synthesis, 


Lands, 883 
Tyrosinase: Lysozyme and a-lactalbu- 
min, susceptibility, comparison, 
Yasunobu, 309 


U 


Uracil: Thio-. See Thiouracil 

Uracil nucleoside(s): Deoxyribonucleic 
acid thymine, biosynthesis, relation- 
ship, Prusoff, 873 

Uterus: Nucleic acid, metabolism, es- 

tradiol, effects, Jervell, Diniz, and 

Mueller, 945 


INDEX 


V 


Vitamin B,.: Thyroxine, magnesium, and 
interrelationships, Gershoff, Vitale, 
Antonowiez, Nakamura, and Heller- 


slein, 849 
WwW 


Whale: Pituitaries, lobes, anterior, hor- 
mone, growth, isolation and charae- 
terization, Papkoff and Li, 367 


X 


Xanthine oxidase: Active site, studies, 
Fridovich and Handler, 899 
Xylulose 5-phosphate: Phosphoketolase, 
cleavage, use, Heath, Hurwitz, Hor- 
ecker, and Ginsburg, 1009 


Y 


Yeast: Aldolase, reactions, isotope ex- 
change, Rose and Rieder, 315 
Bakers’, enzyme, methionine activa- 
tion, relation, Mudd and Cantoni, 
481 
Hexokinase reaction, ions, complex, 
role, Melchior and Melchior, 


609 
Lipides, neutral, chromatography, 
silicic acid, Barron and Hanahan, 
493 


Yeast alcohol dehydrogenase: Binding 
sites, coenzyme, van Eys, Ciottt, and 


Kaplan, 571 

Z 
Zymogen: Purification, Folk and Gladner, 
379 


Pr 


